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FLUID  MECHANICAL  REFRACTING  GAS  PRISM 
AND  AERODYNAMICS  OF  E - BEAM  SUSTAINED 
DISCHARGE  IN  SUPERSONIC  FLOW,  BOTH  APPLICABLE  TO  LASER  TECHNOLOGY 


INTRODUCTION 

Small  power  losses  associated  with  refraction  of  light  in  gases  have 
motivated  us  to  develop  and  study  a unique  fluid  mechanical  device  for 
possible  manipulation  and  storage  of  laser  radiation.  In  the  work  per- 
formed to  date,  it  has  been  shown  that  a beam  of  light  can  be  deflected 
continuously  through  large  angles  along  a curved  path  using  the  flow  from 
a convergent-divergent  nozzle  sector  whose  throat  lies  on  an  arc  of  a 
circle.  The  flow  devices  that  have  been  built  and  studied,  based  on  this 
concept,  have  been  named  Venus  machines  because  of  the  similarity  to  the 
optical  conditions  predicted  to  exist  in  the  atmosphere  of  Venus. 

Nozzle  sectors  with  nominally  included  angles  of  30°,  90°,  and  180° 
have  been  studied  both  t,  eoretical ly  and  experimentally.  In  these  devices 
it  has  been  clearly  demonstrated  that  a well-defined  region  exists  in  the 
flow  wherein  light  rays  are  trapped  in  near  circular  paths.  This  report 

details  extensive  measurements  on  the  90°  device  which  was  built  in  1974. 

2 3 

Preliminary  photographic  measurements’  of  the  size  and  shape  of  the  light 
well  and  preliminary  quantitative  laser  beam  transmission  measurements  were 
obtained  in  1974-75.  Extensive  transmission  data  was  obtained  in  the  follow- 
ing year\  indicating  maximum  transmission  values  of  99.5  $ 0.5%.  In  the 
same  period,  theoretical  work  in  comparison  with  the  experimental  data  yielded 
information  on  (a),  stabilization  of  the  light  well  perpendicular  to  the  flow 
direction,  and  on  (b)  possible  detrimental  effects  of  turbulence  on  Venus  ma- 
chine performance. 
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Several  ways  of  improving  the  Venus  Machine  performance  were  identified 
from  the  work  of  1976  and  applied  to  the  construction  of  a 360°  machine. 

New  transmission  data  is  presented  in  this  report.  This  data  per- 
mits detailed  analysis  of  the  light  well  and  a more  accurate  assessment 
of  the  optimum  operating  conditions  of  the  Venus  Machine.  A motion- 
picture  photographic  technique  was  used  to  obtain  extensive  data  on  the 
size  and  shape  of  the  light  well  under  a variety  of  operating  conditions. 
The  angular  divergence  of  the  laser  beam  leaving  the  Venus  Machine  was 
also  measured  for  the  same  range  of  operating  conditions.  These  experi- 
mental results,  along  with  parallel  theoretical  work,  have  allowed  a 
reasonably  complete  understanding  of  the  operation  of  the  present  90° 
device  at  low  laser  power  levels.  Construction  of  a ruby  laser  and  the 
necessary  optical  and  detector  systems  for  high-power  Venus  Machine  trans- 
mission was  completed.  Preliminary  calibration  measurements  with  the  de- 
tector system  were  made.  The  results  of  this  year's  effort  is  presented 
in  some  detail  in  the  following  report. 

An  electron-beam  sustained  electric  discharge  laser  producing  either 
pulsed  or  continuous  power  laser  radiation  from  a supersonic  gas  flow  is 
a promising  approach  for  high-power  laser  development.  The  utility  of  the 
supersonic  expansion  as  a means  for  achieving  low  gas  temperatures  required 
for  efficient  laser  performance  is  known.  Several  ideas  are  under  active 
consideration  by  the  Air  Force  and  the  feasibility  is  unquestioned.  Some 
of  the  basic  information  required  for  improved  performance  of  these  devices 
is  being  carried  out  in  small-scale  experiments  using  facilities  at  the 
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University  of  Washington.  Some  considerations  induce  discharge  boun- 
dary layer  interactions  and  medium  homogeneity.  Preliminary  results 
of  the  fundamental  mechanisms  of  the  interaction  of  electrical  discharges 
of  the  glow  type  and  the  fluid  mechanics  as  found  in  supersonic  electric 
discharge  lasers  are  also  briefly  mentioned  in  this  report. 

2.  EXPERIMENTAL  TECHNIQUES 

2.1  DESCRIPTION  OF  EXPERIMENTAL  TECHNIQUE  FOR  TRANSMISSION  MEASUREMENTS 
Fig m~e  1 shows  the  experimental  apparatus.  A lmW  He:Ne  laser  beam 

g 

is  injected  into  the  flow  field  by  means  of  a SELFOC  light  guide.  The 
input  and  output  windows  of  the  Venus  Machine  are  anti  ref lecti on  coated 
to  minimize  interference  problems.  The  output  beam  from  the  light  guide 
is  focused  down  to  - 1 25y  diameter  and  injected  on  the  nozzle  symmetry  plane. 
Using  a 40x  microscope,  the  beam  is  positioned  to  an  accuracy  of  ±0.02  mm. 
Prior  to  entering  the  nozzle,  the  beam  is  chopped  at  about  300  Hz  and  a 
portion  is  split  off  to  provide  a reference  to  which  the  output  can  be 
compared.  There  is  a polarizer  preceding  the  beam  splitter  (polarizer  1). 
This  was  found  necessary  because  the  laser  beam  is  not  perfectly  ran- 
domly polarized.  Drifts  in  the  dominant  polarization  direction  change 
the  reference  beam  strength  in  the  optical  bridge  as  a result  of  the 
changing  effective  reflectivity  of  the  beam  splitter.  Insertion  of 
polarizer  1 el iminates  this  optical  phenomena. 

The  measurement  is  carried  out  as  follows:  a calibrated  prism 
of  known  transmission  is  aligned  to  reflect  the  input  beam  to  the  out- 
put window  and  the  silicon  photodetector  behind  it.  (Since  the  intense 
cooling  effect  produced  by  the  expanding  gas  causes  ambient  water  vapr" 
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to  condense  on  the  prism  after  a run,  the  prism  is  cleaned  and  recal- 
ibrated before  every  run.  The  maximum  variation  in  the  measured  prism 
transmission  values  is  ~0.3%.) 

Polarizer  2 is  then  rotated  to  adjust  the  intensity  of  the  refer- 
ence beam  at  its  detector,  and  thus  equalize  the  signal  outputs  of  the 
reference  and  output  detectors.  This  is  detected  by  one  channel  of  the 
oscilloscope,  which  displays  the  difference  signal  between  the  two  de- 
tectors. While  this  signal  is  zero,  the  two  detectors  are  balanced  and 
"see"  the  same  effective  light  signal.  The  Venus  Machine  is  then  acti- 
vated with  the  high  pressure  gas,  and  the  laser  beam  is  deflected  con- 
tinuously by  the  flow.  The  output  and  reference  detector  signals  are 
again  subtracted  at  the  oscilloscope.  If  the  gas  flow  transmission  is 
the  same  as  that  of  the  prism,  the  difference  signal  remains  zero.  If 
the  transmission  is  higher  than  the  prism  value,  the  signal  is  positive 
and  if  it  is  lower  than  this  value  it  is  negative.  To  obtain  high  sen- 
sitivity the  difference  signal  is  displayed  at  twice  as  large  a deflec- 
tion sensitivity  on  the  oscilloscope  as  the  reference  signal.  The  Venus 
Machine  was  operated  as  follows. 

The  machine  was  allowed  to  run  continuously  from  a selected  initial 
stagnation  pressure  (typically  900-1500  psia)  down  to  the  pressure  where 
the  light  well  totally  collapsed  due  to  the  decreasing  density  gradients. 
This  latter  pressure  value  was  typically  650  to  900  psia.  Run  times  under 
these  conditions  were  6-18  sec.  Data  was  taken  over  a range  of  input  laser 
beam  positions. 

At  this  point,  it  is  appropriate  to  discuss  the  discovery  and  reso- 
lution of  a problem  in  the  experimental  technique.  In  the  first  part 
of  1977,  a detailed  comparison  of  the  1976  transmission  data  with  theory 
revealed  unsatisfactory  agreement  for  the  lower  stagnation  pressure 
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portions  of  test  runs.  The  disagreement  was  traced  to  the  following  pheno- 
mena. As  a test  proceeds,  the  temperature  of  the  gas  in  the  supply  reser- 
voir and,  hence,  that  of  the  gas  flow  in  the  Venus  Machine  drops  due  to 
expansion.  Hence,  the  flow  produces  an  intense  increasing  cooling  effect 
on  the  inside  surfaces  of  the  input  and  output  windows  of  the  machine. 

The  high  thermal  conductivity  of  the  fused  silica  windows  allows  the 
cooling  effect  to  be  relatively  rapidly  felt  at  the  outsi de  surfaces  of 
the  windows.  Typically,  about  6 seconds  after  the  start  of  a run,  the 
outside  surfaces  reach  the  ambient  dew  point  temperature  and  condensation 
starts,  spoiling  all  further  transmission  (or  photographic)  data.  Theore- 
tical calculations  of  the  point  on  a run  at  which  the  window  outside  sur- 
faces reach  the  dew  point  show  excellent  agreement  with  the  experimentally 
observed  point  at  which  the  transmission  data  starts  showing  behavior 
very  difficult  to  explain  from  theory.  The  condensation  problem  was 
eliminated  by  building  a system  to  maintain  a flow  of  dry  over  the 
outside  surfaces  of  the  windows  during  a test  run.  Figure  2 shows  trans- 
mission data  from  two  test  runs  plotted  in  the  form  of  beam  transmission, 

T,  versus  pQ/p  (p  is  the  gas  density  at  standard  conditions,  0°C  and 
760  torr).  The  two  runs  were  taken  under  nearly  identical  operating 
conditions,  that  is,  position  of  the  input  laser  beam  and  initial  value 
of  P0/ps  (fbo/ps}-  "*"he  c'as^ec*  ^ne  (1976  data)  shows  the  artifact 
of  fall-off  of  beam  transmission  starting  at  PQ/PS  - 72,  which  is  due 
to  condensation  on  the  windows.  The  solid  line  shows  data  taken  in  1977 
using  flow  over  the  windows.  (The  slight  difference  between  the  two 
curves  for  po/p  > 72  is  proDably  due  to  unavoidable  small  errors  in  set- 
ting and  measuring  the  input  beam  position  - see  section  4 .4 . 1 ) . The  effect 
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of  the  condensation  phenomena  on  data  discussed  in  this  report  is 
given  below. 

(a)  1977  data  (new  data  presented  in  this  report)  - gas  flow 
used,  no  condensation. 

(b)  1976  data 


Initial  Density  Ratio 

Density  Ratio  below 
data  is  suspect  due 
condensation 

which 

to 

poo/ps 

po/ps 

~95 

72.-  78 

-80 

61  - 66 

-69 

52  - 57 

~58 

oo 

For  Po/'Ps  3b0VG  th°  "suspect  va1ue’"  the  1976  data  is  good. 

(c)  The  1974  and  1975  data  were  taken  with  shorter  runs  where  gas  cool- 
inq  of  the  device  was  insufficient  to  produce  condensation. 

A Kistler  pressure  gauge  was  connected  to  a charge  amplifier  and 
a second  oscilloscope.  Both  oscilloscopes  were  triggered  simultane- 
ously just  before  the  start  of  a run,  and  timing  pulses  were  applied 
to  the  cathodes  of  both  scopes,  allowing  accurate  correlation  of  pres- 
sure and  transmission  data.  Typical  data  pictures  are  shown  in  Fig.  3. 

The  vertical  scratches  on  the  pictures  are  knife  marks  made  after  the 
run  to  facilitate  reading  the  data.  From  the  pressure  data,  the  instan- 
taneous gas  density  in  the  reservoir  is  calculated  as  follows.  For 
each  of  the  four  values  of  initial  density  ratio  (-00  / s ) used 
testing  , a large  number  of  runs  have  been  made,  starting  at  about  the 
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same  reservoir  pressure,  but  descending  to  a range  of  final  pres- 
sures. For  each  run,  the  initial  reservoir  pressure,  the  pressure 
at  the  end  of  the  test,  and  the  pressure  several  minutes  later,  when 
the  reservoir  gas  has  warmed  up  to  room  temperature,  were  taken. 

This  data  allows  one  to  construct,  for  given  initial  reservoir  con- 
ditions, a curve  of  pressure  versus  density  which  applies  during  the 
test  run.  Using  this  curve  and  the  pressure  data  from  the  oscillo- 
scope picture,  the  density  ratio  (p  /p  ) at  any  time  in  the  test  run 
is  readily  calculated.  For  the  1976  data,  the  gas  in  the  reservoir 
was  not  allowed  to  expand  as  far,  and  the  simple  assumption  of  a 
isentropic  pressure-density  relation  in  the  reservoir  was  found  to  be 
satisfactory.  The  greater  expansion  ratios  used  in  the  1977  work 
required  the  more  complex  procedure  given  above. 

Typically  transmission  data  is  shown  in  Fig.  2 (referred  to 
earlier  with  respect  to  condensation) . Six  runs  of  this  type  were 
taken  in  1977,  covering  a range  of  input  laser  beam  positions,  and 
initial  density  ratios  (p00/ps)-  The  transmission  data  will  be  dis- 
cussed further  later  in  this  report. 

2.2  DESCRIPTION  OF  EXPERIMENTAL  TECHNIQUES  FOR  THE  MEASUREMENT  OF 

THE  SHAPE  AND  SIZE  OF  THE  LIGHT  WELL  AND  THE  ANGULAR  DIVERGENCE 

OF  THE  BEAM  LEAVING  THE  VENUS  MACHINE. 

Figure  4 shows  the  experimental  apparatus.  The  Venus  Machine 
proper  and  the  laser  and  coupler  assembly  are  as  in  Figure  1;  however, 
the  photodetectors,  chopper,  polarizers,  etc.  of  the  latter  set-up  are 
not  used.  A lens  forms  an  image  of  the  light  well  at  the  exit  of  the 
Venus  Machine  on  a sheet  of  paper  mounted  on  a glass  plate.  Paper  was 
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used  to  avoid  the  strongly  peaked  forward  scattering  of  ground  glass  - 
this  latter  is  objectionable  especially  when  the  angular  spread  of  the 
beam  is  to  be  measured  (see  the  following  paragraph.).  A 16  mm  motion 
picture  camera  using  Kodak  4x  negative  film  (ASA  400)  was  used  to  photo- 
graph the  light  well  lwo  lamps  very  close  to  the  plane  of  the  paper 
were  used  to  give  a scale  factor  for  the  motion  picture  frames.  The 
pressure  in  the  reservoir  is  recorded  during  motion  picture  test  runs 
just  as  it  was  during  transmission  test  runs  (see  Section  2.2.)  The 
timing  pulse  applied  to  the  cathode  of  the  pressure  gauge  oscilloscope 
is  also  applied  to  a thiird  lamp  near  the  imaging  paper  to  allow  syn- 
chronization of  pressure  and  motion  picture  data. 

This  experimental  set-up  allows  one  to  measure  the  size  and  shape 
of  the  light  well  at  the  output  window  of  the  Venus  Machine.  To  measure 
the  divergence  angle  of  the  beam  at  the  output  window  of  the  Venus  Mach- 
ine, the  imaging  lens  is  simply  removed.  Otherwise,  the  experimental 
set-up  is  essentially  as  shown  in  Fig.  4.  Typical  light-well  shape  and 
output  beam  divergence  angle  data  (single  frames  from  the  motion  pic- 
ture film)  are  shown  in  Tig.  5.  The  two  series  of  data  were  taken  at 
nearly,  but  not  quite,  identical  operating  conditions. 

For  both  the  liqht  well  shape  and  beam  divergence  angle  beam,  tests 
were  taken  at  three  sets  of  operating  condi tions , invol vi ng  two  values  of 
poo/ps  anc*  two  values  of  x-jn. 

A word  should  be  said  at  this  point  about  the  early  light  well 
shape  photographs  taken  in  1974.  The  set  up  used  for  these  tests  was 
basically  very  similar  to  that  of  Fig.  4 with  the  following  differences, 
(a)  Short  runs, about  1 sec  long,  'were  used;  there  was 

no  condensation  and  Up  window  bleed  flow  was  neither 


used  nor  needed. 
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(b)  A still  camera  was  used;  only  one  data  picture 
was  taken  per  run. 

(c)  Pressure  data  was  obtained  by  simply  reading  the 
pressure  in  the  reservoir  before  and  after  the 
test  runs;  the  average  value  was  taken  as  the  stag- 
nation pressure  for  the  run. 

(d)  At  the  input  window  of  the  Venus  Machine,  the  light 
well  was  flooded  with  light;  this  contrasts  with  the 
1977  experiments,  where  the  input  beam  size  is  sub- 
stantially smaller  than  the  size  of  the  light  well, 
allowing  the  beam  to  be  used  to  probe  the  structure 
of  the  1 ight  wel 1 . 

3.  THEORETICAL  DISCUSSION  OF  THE  LIGHT! 'ELL 
3.1  LIGHTWELL  SHAPES 

It  is  readily  shown ^ that  for  a stable  light  well  to  exist  there 
must  be  a local  maximum  of  nr  in  the  flow  pattern  of  the  Venus  Machine 
(n  = refractive  index  of  gas,  r = distance  from  axis  of  machine;  stan- 
dard cylindrical  co-ordinates,  r,  0 and  z,  are  used  in  this  discussion.) 
The  shape  and  size  of  the  light  well  can  be  predicted  from  theory  for 
various  nozzle  shapes  and  operating  conditions  by  calculating  nr  values 
over  the  region  of  interest  in  the  flow  field  and  plotting  contours  of 
constant  nr.  Frederick^  has  computed  the  flow  field  for  an  inviscid 
M = 1 jet  discharging  into  a region  of  low  pressure.  The  geometry  for 

Frederick's  calculation  is  shown  in  Fig.  6a.  Light  well  shapes  fcr  the 
90°  Venus  Machine  have  been  estimated  by  using  Frederick's  calculations 
downstream  of  the  nozzle  exit  and  a simple  one-dimensional  analysis 
upstream  of  the  nozzle  exit.  The  two  methods  arc  spliced  together  at 
the  nozzle  exit.  The  true  geometry  of  the  90°  Venus  Machine  is  shown 

In  Fig.  6b.  The  difference  between  the  theoretical  model  used  for 
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the  light  well  and  the  real  machine  geometry  probably  accounts  for 
some  of  the  differences  between  the  calculated  and  observed  light  well 
shapes  and  beam  divergence  angles  (see  Section  4):  It  was  not,  however, 
judged  worthwhile  to  perform  the  necessary  (substantially  more  complex) 
calculations  to  attempt  to  obtain  better  agreement  between  theory  and 
experiment,  expecially  since  future  higher  performance  Venus  Machines 
will  likely  not  produce  the  type  of  light  well  of  the  present  device. 

Fig.  7 shows  calculated  light  well  shapes  and  the  variation  of  nr 

with  r along  the  nozzle  centerline.  The  dashed  curve  in  Fig.  7b  gives 

the  variation  with  r of  nr  at  the  nozzle  walls  (denoted  by  nwr).  The 

ordinate  in  Fib.  7b  has  been  inverted  so  stability  can  be  interpreted 

in  the  usual  way  (the  bottoms  of  valleys  are  stable).  In  general,  at  any 

r-coordinat  in  the  light  well,  nr  is  greatest  on  the  r-axis.  Along  the 

r-axis  the  point  of  maximum  stability  in  the  light  well  is  point  B.  Also 

along  the  r-axis,  a stability  limit  of  the  light  well  is  at  point  C. 

Light  at  r > rc  will  rapidly  be  lost  from  the  well.  Outside  of  the  nozzle 

exit,  the  light  well  is  stabilized  in  the  z-direction  by  strong  density 

gradients  which  exist  in  the  inviscid  flow  pattern.  Upstream  from  the 

nozzle  exit,  there  would  be  almost  no  stabilization  of  the  light  well 

in  the  z-direction  based  on  the  inviscid  flow  pattern.  However,  in  this 

region,  the  thermal  boundary  layers  at  the  nozzle  walls  act  to  stabilize 

the  light  well  in  the  z-direction.  A second  stability  limit  of  the 

light  well  is  the  "bottom"  (actually  the  maximum)  of  the  n r curve  in 

w 

Fig.  7b,  point  G.  This  corresponds  to  the  physical  points  H and  I in 
Fig.  7a.  Light  passing  through  the  boundary  layers  in  the  neighborhood 
of  points  H and  I will  strike  the  v/a  11s  (which  are  rough  on  an  optical 
scale)  and  will  tend  to  be  scattered  outside  the  angular  tolerance  of 


-11- 


the  light  well.  Theoretical  light  well  shapes  are  obtained  by  simply 
noting  the  values  of  nr  at  the  limiting  points  (C  and  G in  Fig.  7b)  and 
drawing  contour  lines  at  these  nr  values.  This  procedure  produces  the 
light  well  shapes  sketched  in  Fig.  7a.  The  dashed  line  is  the  light 
well  shape  based  on  the  limiting  point  C ("tail  calculation")  and  the 
solid  line  is  the  shape  based  on  the  limiting  point  G ("wall  calcula- 
tion"). The  points  A and  C on  the  nr  curve  in  Fig.  7b  correspond  to 
the  tail  calculation,  and  points  G and  F to  the  wall  calculation.  For 
simplicity,  the  comparison  of  theoretical  and  experimental  light  well 
shapes  will  be  made  largely  by  using  the  x-coordinates  of  points  A and 
C (or  E and  F,  as  necessary)  as  the  theoretical  prediction.  These  num- 
bers give  a measure  of  the  maximum  extent  of  the  light  well  in  the 
radial  direction. 

The  light  well  shape  and  size  are  strongly  dependent  on  the  reser- 
ver stagnation  density  ratio  (p0/p$)'  Fig.  7 shows,  roughly  sketched, 
wells  for  pq/ps  = 80.  For  higher  values  of  pq/ps>  the  light  well  is 
deeper,  and  conversely,  for  sufficiently  low  values  of  p0/ps»  the  local 
maximum  of  the  nr  curve  of  Fig.  7b  disappears  and  the  light  well  vanishes 
entirely. 

For  long  test  runs  of  the  Venus  Machine,  with  a substantial  drop 

in  the  reservoir  (stagnation)  temperature,  there  are  two  limiting  ways 

to  calculate  the  n r curve  of  Fig.  7b,  and  hence,  the  "wall  calculation" 
w 

light  well  limits.  For  one  calculation,  the  walls  are  assumed  to  remain 
at  room  temperature  as  the  run  proceeds.  This  would  be  the  case  if 
the  walls  had  infinite  thermal  conductivity  and  capacity.  These 

/ 
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results  of  these  calculations  will  be  referred  to  as  "wall  calculations, 
no  AT"  or  "w.nAT"  results.  In  the  other  limiting  calculation,  the  walls 
are  assumed  to  follow  the  adiabatic  wall  temperature  of  the  gas  as  the 
latter  decreases.  This  would  occur  if  the  walls  had  negligible  thermal 
conductivity.  These  results  of  these  calculations  will  be  referred  to  as 
“wall  calculation,  withAT"  or  "w,aT"  results.  Heat  transfer  calculations 
indicate  that,  after  10  seconds  running  of  the  real  Venus  Machine,  the  wall 
temperature  will  be,  very  roughly,  half-way  between  the  two  simple  theoreti- 
cal results  discussed  above.  This  number  is  only  a crude  estimate,  however, 
as  the  correct  heat  transfer  calculations  for  the  wall  temperature  are  ex- 
tremely complicated,  and  it  was  not  judged  profitable  to  pursue  them  at 
this  time.  For  comparison  with  experiment,  both  w,AT  and  w.nAT  results  will 
therefore  be  given. 

3.2  MAXIMUM  ANGULAR  TOLERANCE  OF  THE  LIGHTWELL 

An  important  characteristic  of  the  light  well  is  the  maximum  tolerable 
angular  deviation  of  a ray  path  from  the  9-direction.  For  a ray  travelling 
at  the  most  stable  location  in  the  light  well,  corresponding  to  point  B 
in  Fig.  7b,  the  maximum  tolerable  angular  deviation,  9,  (in  radians)  is 
given  to  a good  approximation  by 


(2) 


-13- 


according  as  the  limiting  point  of  the  light  well  is  taken  as  point  C 
or  point  G in  Fig.  7b.  Corresponding  to  the  "wall  calculation, 
no  AT"  and  "wall  calculation,  with  A T"  results  for  the  light  well 
shape,  there  are  two  values  for  <j,  based  on  the  wall  calculation  (i.e., 
using  point  G as  the  limiting  point).  Those  two  values  of  will  be 
referred  to  as 


and 


^wall  calculation,  noAT  or  ‘’w,  nAT, 


‘’’wall  calculation,  with  AT  or  $w,  aT. 

As  in  the  case  of  the  "wall  calculation"  of  the  light  well  shape, 
the  estimated  value  of  a,  for  the  real  Venus  Machine  lies  between 
*w  and  v-w  nAj>  and  correct  values  would  be  extremely  difficult  to 
calculate.  Both  values  of  * will,  therefore,  be  plotted  in  comparison 
with  experimental  results. 

3.3  PARTIAL  TRAPPING 

"Light  well"  shapes  taken  from  reference  6 for  pq/ps  = 57  are 
shown  in  Fig.  8.  These  "light  wells"  were  calculated  by  a technique 
which  differs  from  that  presented  in  this  report.  A large  number  of 
light  rays  arranged  in  an  array  and  travelling  in  the  0 direction  were 
assumed  to  be  injected  into  the  nozzle  exit  region  of  the  Venus  Machine. 
The  path  of  each  light  ray,  that  is,  its  movement  in  the  r and  z direc- 
tions as  it  moves  around  the  Venus  Machine,  was  computed  using  the 
known  density  field  of  the  flow.  Many  light  rays  were  shown  to  be 
lost  from  the  light  well--i.e.,  the  calculations  indicated  a rapid 


I 
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and  irreversible  increase  in  r or  in  jz|  for  the  ray.  The  "light  wells" 
shown  in  Fig.  8 are  the  boundaries  of  the  regions  at  the  optical  exit 
of  the  Venus  Machine  within  which  the  outgoing  rays  are  located.  It 
is  to  be  noted  that  this  type  of  calculation  nust  be  done  for  a speci- 
fic machine  (in  the  cases  shown,  180°  and  30°),  and  is  dependent  on 
the  deflection  angle.  Two  other  points  should  be  noted  here.  First, 
for  a large  enough  deflection  angle,  perhaps  several  complete  revolu- 
tions, the  "light  wells"  calculated  by  this  method  should  approach 
those  calculated  by  the  nr  - contour  method,  since  almost  all  rays 
which  were  ever  going  to  be  lost  would  have  been  lost.  Second,  the 
nozzle  shape  used  for  these  calculations  has  parallel  instead  of  con- 
verging wall,  and  thus,  the  "light  wells"  shown  in  Fig.  8 cannot  be 
compared  in  complete  detail  with  those  calculated  for  the  90°  Venus 
Machine. 

The  point  illustrated  by  a comparison  of  the  "light  wells'  shown 
in  Fig.  8 for  30°  and  180°  Venus  Machines  is  that  the  envelope  of  the 
outgoing  rays  in  a Venus  Machine  is  larger  for  smaller  deflection 
angles  (all  other  factors  remaining  constant).  In  particular,  the 
envelope  shows  an  extension  in  the  r-direction  near  the  z = 0 axis 
for  the  smaller  deflection  angle. 

Rays  which  are  trapped  in  a light  well  for  significant  deflection 
angles  (e.g.,  30°),  but  which  would  escape  for  some  larger  deflection 
angle,  are  considered  to  be  "partially  trapped." 

3.4  INFLUENCE  OF  RANDOM  DENSITY  PERTURBATIONS  ON  LIGHT  WELL  PERFORMANCE 

Discussion  of  the  light  well  up  to  this  point  has  ignored  the  in- 
fluence of  random  density  perturbations.  [The  discussion  of  the  (tur- 
bulent) boundary  layer  involved  only  the  mean  refractive  index  differ- 
ence across  the  layer.]  Three  main  classes  of  perturbations  will  be 
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cons  idered: 

1)  density  perturbations  in  the  free  stream  flow  in  the  light 
well  region  which  are  caused  by  residual  temperature  and 
pressure  perturbations  carried  downstream  form  turbulence 
producing  regions  such  as  the  supply  pipe  boundary  layers 
and  two  90°  bends  in  the  supply  pipe.  (The  pressure  per- 
turbations are  those  associated  with  the  turbulence  velo- 
cities.) Of  the  two  types  of  perturbations,  those  of  tem- 
perature produce  the  most  serious  effect  on  light  well  per- 
formance. 

2)  density  perturbations  in  the  free  stream  flow  in  the  light 
well  region  caused  by  acoustic  noise  radiation  from  the  boun- 
dary layer. 

3)  density  perturbations  in  the  boundary  layer  in  the  light  well 
region  due  to  pressure  and  temperature  perturbations.  These 
density  perturbations  affect  the  performance  of  the  light  well 
directly  since  they  affect  light  rays  which  have  approached 
the  wall  and  have  been  reflected  back  into  the  light  well  by 
the  boundary  layer. 

An  earlier  section  has  introduced  the  concept  of  the  maximum  angu- 
lar tolerance  of  the  light  well.  The  effect  of  any  density  perturba- 
tions will  be  to  introduce  random  angular  deviations  along  any  ray 
transversing  the  Venus  Machine.  Some  light  rays,  which  would  be  trap- 
ped in  the  light  well  for  the  (hypothetical)  case  of  flow  without  per- 
turbations, will  be  lost  from  the  wall  due  to  random  angular  deviations 
in  real  flow.  The  rays  most  likely  to  be  lost  would  be  those  injected 
nearest  the  limits  of  the  light  well.  The  random  angular  deviation  would 
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be  expected  to  increase  with  increasing  density  perturbation  amplitude 
(other  things  remaining  constant),  and  can  be  estimated  for  certain 
cases. 

4.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  DATA 

4.1  Determination  of  Extent  of  Light  Well  and  Divergence  Angle  of  Uutput 
Laser  Beam  from  Photographic  Data. 

4.1.1  LIGHT  WELLS 

Fig.  9 shows  sketches  made  from  typical  frames  of  the  light  well 
motion  picture  data  (see  Section  2.2).  Referring  first  to  Figure  9(a), 
the  measurements  of  light  well  extend  were  made  as  follows.  The  scale 
factor  wa s determined  from  the  fact  that,  at  higher  values  of  p0/p$  > 
the  light  well  filled  the  space  between  the  nozzle  walls,  and  thus  z 
on  the  film  corresponds  to  known  distance  between  the  v/a 11s,  .401  mm. 

The  location  of  the  nozzle  exit  is  established  since,  at  higher  pq/ps 
values,  the  Prandtl -Meyer  fan  originating  at  the  nozzle  edge  is  known 
to  form  a corner  on  the  light-well  (points  A and  B,  Fig.  9a).  With 
these  reference  points  extablished,  three  measures  were  taken  of  the  radial 
extent  of  the  light  well: 

xu  - the  extent  of  the  well  upstream  from  the  nozzle  exit 
- the  total  extent  of  the  well  downstream  from  the  nozzle 
exit,  and 


J 


xdb  ' ex*-ent  the  1 i g h t well  downstream  from  the  nozzle 

exit,  considering  only  regions  of  heavy  exposure  on  the 
film. 
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x^  is,  to  some  degree  arbitrary,  but  does  allow  one  to  distinguish  be- 
tween faint  "tails"  of  the  light  well  and  portions  of  the  well  containing 
substantial  amounts  of  light.  All  x-values  are  taken  to  be  negative  if 
they  extend  downstream  from  the  nozzle  exit,  and  positive  for  the  con- 
verse. For  motion  picture  frames  taken  at  lower  pq/ps  values  (e.g.  Fig  9b), 
for  which  the  light  well  is  no  longer  attached  to  the  corner  of  the  nozzle 
exit,  the  nozzle  exit  location  can  still  be  obtained  by  carrying  over  the 
location  established  at  higher  zQ/os  values  using  the  reference  marks 
which  are  on  a graticle  placed  at  the  imaging  plane  (see  Fig.  4). 

The  above  description  of  data  handling  applies  to  the  1977  data. 

The  older  (1974)  data,  taken  with  a still  camera,  could  be  handled  by 
very  similar  techniques,  except  that  no  reference  mark  is  available. 

Hence,  for  data  at  lower p /;  $ values,  which  are  detached  from  the  nozzle 
exit,  the  extent  of  the  light  well  upstream  and  downstream  from  the  nozzle 
exit  cannot  be  determined.  Only  the  total  extent  of  the  well  can  be 
measured  (i.e.  xtQtal  = |xj  - IxJ  in  Fig.  9b). 

4.1.2  DIVERGENCE  ANGLES 

Fig.  10  shows  sketches  made  from  single  frames  of  the  divergence 
angle  motion  pictures.  Fig.  ICa  shows  a sketch  for  a condition  where 
most  of  the  light  is  contained  within  the  light  well  and  the  transmission 
is  high.  Fig.  10b  shows  a sketch  for  a condition  where  the  light  is 
escaping  out  the  tail  of  the  light  well  and  the  transmission  decreases 
rapidly  with  decreasing  .q /_■  • The  angular  scale  of  the  light  spot  in 

these  frames  is  established  by  the  images  of  two  lamps  known  to  subtend  an 
angle  of  4.95  degrees.  The  location  of  the  estimated  center  of  the  exposed 
spot  (relative  to  the  lamp  image  locations)  remains  fixed  to  within  - 0.5 


degrees  in  both  directions.  The  estimated  center  of  the  exposed  spot  is 
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indicated  by  the  cross  in  Fig.  10.  The  shape  of  the  exposed  spot 
does  vary,  depending  on  conditions,  but  most  of  the  comparison  of  this 
report  will  be  based  on  the  overall  extent  of  the  spot  in  the  r and 
z directions  and  on  the  extent  of  the  tail.  These  three  measures  of 
spot  extent  are  illustrated  in  Fig.  10  and  are  listed  below. 

Extent  of  spot  in  radial  direction  - 6 

Extent  of  spot  in  z direction  - <♦> 

Extent  of  tail  of  spot  - <Jy 

4.2  PRESENTATION  OF  DATA 

4.2.1  1974  Photgraphic  Data 

Fig.  11  shows  a comparision  of  the  theoretical  calculations  and 
experimental  measurements  for  the  radial  (x)  extent  of  the' light  well. 

The  experimental  curves,  x , xd  and  xdh  are  obtained  as  described  in  sec- 
tion 4.1.1.  The  x-position  of  the  center  of  the  light  well  for  42  - 
pq/ps  S 50  is  uncertain  because  of  the  lack  of  a photgraphic  reference 
point  (see  section  4.1.1).  This  data  is  shown  dotted.  The  theoretical 
calculations  were  made  as  described  in  section  3.1;  the  notation  system 
is  given  below: 

TABLE  I 


Type  of  Calculation 

Upstream 

Downstream 

(see  Section  3.1) 

Light  Well  Limit 

Light  Well  Limit 

tail  calculation 

X T 

u,T 

Xd.T 

wall  calculation,  no  AT 

X u,w,n  AT 

x<j,w,nAT 

wall  calculation,  with  AT 

Xu,w,  AT 

xd,w,AT 

j 
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The  test  runs  for  the  photographic  data  lasted  only  about  '1  sec, 
and,  hence,  the  change  of  the  gas  reservoir  stagnation  temperature 
during  these  runs  was  quite  small  (see  section  2.1).  The  six  data 
points  in  Fig.  11  with  bars  were  obtained  from  transmission  measurements 
and  will  be  discussed  further  in  section  4.3.1. 

4.2.2  1977  Photographic  and  Transmission  Data 

Figs.  12  and  13  show  light  well  radial  extent,  output  beam  diver- 
gence angle  and  transmission  data  for  two  .operating  conditions: 

poo/ps  = 95-4>  Xin  = "•16  mm  (Fig-  12^  anSo/ps  = 95-4,  x in  = ,2°  mm 
(Fig.  13).  Fach  figure  present  data  from  three  different  test  runs  taken 

at  almost  identical  operating  conditions.  The  data  of  Figs.  12(a)  and 
13(a)  are  presented  in  the  same  form  as  that  of  Fig.  11  (see  Section  4.2.1). 
Figs.  12(b)  and  13(b)  show  experimental  beam  divergence  angle  data 
plotted  as  a function  of  , Q/,  obtained  by  the  techniques  described 
in  Sections  2.2  and  4.1.2.  These  two  figures  also  show  theoretical 
curves  for  the  maximum  angular  tolerance  of  the  light  well  calculated 
according  to  the  methods  of  sections  3.1  and  3.2.  Figs.  12(c)  and  13(c) 
show  the  corresponding  1977  transmission  data.  Fig.  14  shows  1977  trans- 
mission data  for  four  test  runs  with  , /p  : 95  and  with  different 

oo  s 

values  of  x.  . 

in 

4.3  DISCUSS  10.’, 1 OF  DATA 

4.3.1  Fall-Off  of  Transmission  Values  with  Decreasing  rQ/ps- 

The  irregular  type  of  fall-off  of  machine  transmission  with  decreasing 
po/ps  reported  in  the  1976  annual  report  proved  to  be  an  artifact  produced 
by  water  condensation  as  the  Venus  Machine  input  and  output  windows  (see 
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relevant  discussion  in  Section  2.1).  With  this  problem  eliminated,  trans- 
mission data  shows  a smooth  fall-off  of  transmission  (Fig.  14). 

A comparision  will  now  be  made  among  the  upstream  limits  of  the 
light  well  determined  from  1977  (and  some  1976)  transmission  data,  the 
1974  photographic  data,  and  the  theoretical  predictions.  Curves  for  the 
latter  two  are  shown  in  Fig.  11.  The  six  data  points  with  bars  in  Fig.  11 
were  determined  from  transmission  data  as  follows.  The  ordinate  of 
each  point  is  the  pQ/p  value  at  which  the  transmission  dropped  to  0.5. 

The  abscissa  is  the  value  of  x.  for  the  test  run.  The  four  points  with 
the  lowest  values  of  x were  taken  from  the  transmission  data  of  Fig.  14. 

The  two  data  points  at  higher  x values  were  obtained  from  1976  transmission 
data  where  a rapid  fall-off  of  transmission  with  decreasing  n0/pswas  ob- 
served at  Pq/.~s  values  above  those  at  which  condensation  occurs.  These 
old  data  runs  contain  errors  of  the  order  of  3-5  in  the  transmission 
values  which  do  not,  however,  prevent  good  estimation  of  the  pq/ps 
value  at  which  T = 0.5.  The  slopes  of  the  bars  through  the  six  data 
points  represent  estimates  of  the  local  slopes  of  the  light  well  limit 

curve  in  the  p /p  - x plane,  obtained  from  the  transmission  data  as 
o s 

follows.  The  general  form  of  the  nr-r  profile  along  the  centerline  of 
the  light  well  as  shown  previously  in  Fig.  7 is  reproduced  in  Fig.  15(a). 
the  limiting  point  of  the  light  well  is  point  J.  The  x-coordinate  of  the 
center  of  the  input  laser  beam  for  the  run  in  question  i's  x . n and  the 
estimated  diameter  of  the  input  beam  is  d. 

The  position  and  size  of  the  input  laser  beam  is  represented  by 
bar  2 in  Fig.  15(a).  If  nr(J)  = nr(x^n),  as  shown  in  Fig.  15(a),  the 
following  simplified  argument  can  be  made.  Half  of  the  light  injected 
to  would  be  expected  to  be  lost  from  the  well  by  passing  over  point  J, 
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while  the  remaining  light  would  be  trapped  in  the  well. 

Based  on  this  argument,  the  transmission  is  0.5.  for  the  finite 
sized  input  beam.  This  argument  is  the  basis  for  taking  T = 0.5  data 
points  from  transmission  data  as  measures  of  the  location  of  the  light 
well  limits  in  the  P^/r,,  - x.  plane.  If  the  input  laser  beam  were  to 
be  moved  d/2  to  the  right  in  Fig.  15(a),  the  expect:d  transmission  value 
would  be  1.0  based  on  the  simplified  argument,  or  perhaps  -0.9,  roughly 
allowing  for  the  fact  that  the  beam  is  not  cut  off  sharply  at  the  esti- 
mated beam  diameter.  Similarly  if  the  beam  were  to  be  moved  d/2  to  the 
left,  the  transmission  would  be  expected  to  be  0 (sharply  defined  beam) 
or  *0.1  (more  realistic  beam  profile).  Thus,  the  T = 0.5.  point  in 
this  test  run,  combined  with  the  beam  size  estimate,  defines,  roughly, 
three  points  in  a plot  of  T vs  r_/pcand  x . for  an  input  laser  beam 
with  diameter  d.  These  three  points  are  points  A,B,and  C in  Fig.  15(b), 
with  transmi sions  of  0.5,  0.1  and  0.9,  respecti vely . The  run  data 

defines  directly  two  other  points  with  T = 0.9  and  0.1,  points  D and  E. 
Thus,  locally,  contours  of  constant  T can  be  drawn  in  the  pq/cs  " x-jn 
plane  for  T = 0.1  and  T = 0.9  (the  lines  through  points  B and  E and  D 
and  C,  respectively).  The  line  for  T = 0.5  is  taken  to  be  parallel  to 
the  T = 0.1  and  T = 0.9  lines.  Extending  an  earlier  argument  that  the 
T = 0.5  point  in  the  test  run  represents  a point  on  the  light  well  limit 
curve  in  the  p0/cs  'x-jn  plane,  the  T = 0.5  lines  are  taken  as  local 
estimates  of  the  position  of  the  light  well  limit  line  in  the  neighbor- 
hood of  the  six  data  points  in  Fig.  11.  These  estimates  are  the  bars  on 
the  data  points  in  Fig.  11.  The  extent  of  the  bars  in  the  x-direction 
corresponds  to  the  diameter  of  the  input  laser  beam. 


The  agreement  shown  in  Fig.  11  between  the  upstream  light  wells 
limits  determined  from  photographic  and  transmission  data  is  regarded 
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by  the  investigators  as  satisfactory,  though  not  exact.  It  should  be 
noted  that  the  photographic  data  involved  short  runs  with  little  drop 
in  the  reservoir  temperature,  while  the  transmission  data  involved  long 
runs  with  substantial  reservoir  temperature  drop.  Some  of  the  differences 
between  the  photographic  and  transmission  light  well  limits  shown  in 
Fig.  11  is  likely  traceable  to  the  fact  that  thex..^  for  the  transmis- 
sion data  is  measured  at  the  input  window  while  x..  for  the  photographic 
data  is  measured  at  the  output  window.  The  input  and  output  windows 
of  the  Venus  Machine  do  not  exactly  correspond  to  each  other,  due  to 
manufacturing  and  mounting  errors. 

In  Fig.  11,  the  upstream  wel  1 limits  indicated  in  Fig.  11  by  both 
the  photographic  and  the  transmission  data,  but  expecially  the  latter, 

show  a marked  similarity  to  the  x Ttheoretical  curve;  the  latter  curve 

u,T 

if  shifted  0.20  mm  to  the  right  would  match  the  experimental  data  quite 
wel 1 . This  point  will  be  returned  to  in  section  4.3.2. 

It  is  noted  from  Fig.  11  that  the  upstream  well  limits  determined 
from  both  photographic  and  transmission  data  appear  to  shew  little 
respect  for  the  theoretical  well  curves  based  on  the  wall  calculations 
(see  Section  3.1).  The  reason  for  this  is  believed  to  be  fairly  well 
understood  and  is  presented  below.  It  is  convenient  in  the  discussion 
to  consider  the  transmission  data  run  which  yielded  the  light  well 
limit  point  at  x = .67  rm,  p0/ps  = 86  in  Fig.  11.  For  this  run,  the 
transmission  was  '0.95  at  pq/ps  = 95.  Fig.  16  (similar  to  Fig.  7)  shows 
light  well  shapes  and  nr-r  curves  for  the  case  in  point.  The  light  is 
injected  centered  on  point  M (Fig.  16a)  and  immediately  begins  to  oscil- 
late strongly  in  the  r direction  in  the  light  well.  The  path  of  these 
oscillations  can  be  represented  on  the  nr-r  curve  as  taking  place 
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(Fig.  16b)  between  points  K and  L.  The  light  rays  will  travel  at  a maximum 
angle  to  the  azimuthal  direction  (near  point  B on  the  nr-r  curve)  of  '5.4  de- 
grees. The  maximum  angular  tolerance  of  the  light  well,  implicitly  based  on 
oscillations  in  the  r-direction  (tail  calculation,  Section  3.2)  is  '7.3  degrees. 

The  maximum  angular  tolerance  of  the  well,  implicitly  based  on  oscillations  in 
the  z-direction  (wall  calculation,  Section  3.2)  is  '3.9  degrees.  For  the  ques- 
tion at  hand,  an  important  point  is  how  rapidly  the  initial  strong  oscillations 
of  the  light  ray  in  the  r-direction  are  translated  into  oscillations  in  the 
z-direction.  Fig.  17  shows  a more  realistic  path  for  a light  ray,  injected  at 
point  a,  illustrating  crudely  how  z-oscillations  may  be  generated  from  initial 
ray  motion  which  is  primarily  in  the  r-direction.  Motion  of  the  light  ray  in 
the  z-direction  (neglecting  densitv  perturbation  effects)  is  generated  mainly 
by  "reflections"  of  the  rays  from  the  regions  of  the  light  well  downstream  of 
the  nozzle  exit,  which  contain  strong  nr  gradients  in  the  r and  z directions. 

Two  possibilities  would  appear  to  exist  which  would  explain  the  T = 0.95 
value  obtained  for  the  pq/ps  = 95,  = .67  mm  test  run,  for  which  the  light 

rays  are  oscillating  at  angles  up  to  5.4  degrees  in  the  r direction  and  the 
maximum  angular  tolerance  of  the  light  well  is  3.9  degrees  based  on  the  wall 
calculation  (implied  z-oscillations).  The  first  possibility  is  that  strong 
z-oscillations  of  the  light  ray  are  quickly  generated  from  the  initial 
r-oscillations  as  the  ray  traverses  the  Venus  Machine.  The  number  of  bounces 
which  the  light  ray  makes  while  traversing  the  Venus  Machine  is  readily 
estimated  to  be  about  10  in  the  r-direction  and  20  or  less  in  the  z-direction. 

A number  of  the  bounces  in  the  z-direction  will  take  place  at  incident  angles  greater 
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than  the  angular  tolerance  of  the  well  based  on  the  well  calculation. 

Hence,  light  rays  will  strike  the  walls  on  the  order  of  10  tines  at 
incidence  angles  readily  calculated  to  be  up  to  -3  degrees.  The  high 
transmission  of  the  Venus  Machine  under  these  conditions  could  only  be 
explained  if  the  reflectivity  of  the  aluminum  walls  was  very  high  -- 
of  the  order  of  .995  at  incidence  angles  of  1 to  3 degrees.  For  a 
perfect  aluminum  surface,  the  reflectivity  is  -.990  for  the  relevant 
incidence  angles.  The  Venus  Machine  nozzle  wall  surfaces  were  simply 
turned  on  a lathe.  They  cannot  readily  be  tested  for  reflectivity. 

However,  representative  machined  surfaces  were  tested  with  the  following 
resul ts. 

Reflectivity  of  machined  aluminum  surfaces  at 

o 

incidence  angles  of  1.2  degrees  (\  = 6328  A). 

finely  milled  surface  - '.82 

Buffed  Surface  - -.92 

Based  on  the  above  reflectivities,  it  is  concluded  that  the 
high  transmission  of  the  Venus  Machine  under  the  conditions  in  question 
cannot  be  based  on  repeated  reflections  of  the  light  off  the  nozzle 
v/alls.  Hence  , under  these  operating  conditions,  the  light,  for 

the  largest  part,  must  not  strike  the  nozzle  walls.  Hence,  the  oscilla- 
tions in  the  z-directicns  must  be  restricted  to  angles  significantly  1 ess 
than  those  which  are  known  to  occur  in  the  r-direction. 

From  the  original  series  of  tests  of  beam  divergence  angle,  there 
is  no  data  which  directly  confirms  this  conclusion.  It  is  also  not 
feasible  to  interrupt  the  present  program  of  high-power  transmission 


measurements  in  the  Venus  Machine  to  take  the  relevant  tests.  However, 
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it  may  be  possible  in  June,  1978  or  thereabouts  to  perform  the  tests. 

The  tests  would  be  very  simple,  i.e.  a divergence  angle  test  run  for 
x.  = .67  mm  and  p /p  = 95.  At  the  T -0.95  condition  (0  /p  = 95) 

I 1 1 vU  ^ Q ^ 

if  the  divergence  angles  were  measured  to  be  '5.4  degrees  in  the  r-dir- 
ection,  but  less  than  '3.9  degrees  in  the  z-direction,  the  conclusion 
reached  in  the  previous  paragraph  would  be  confirmed.  Contrarily,  if 
the  divergence  angles  were  observed  to  be  substantially  greater  than 
-3.9  degrees  in  the  z-direction,  the  conclusion  would  be  contradicted 
and  another  explanation  must  be  sought. 

The  conclusion  of  restricted  z-oscillations  tends  to  be  confirmed 
by  available  divergence  angle  data  which  shows  that  for  a number  of 
operating  conditions,  the  divergence  angle  of  the  beam  leaving  the 
Venus  Machine  is  substantially  smaller  in  the  z-direction  than  in  the 
r-direction.  The  largest  difference  in  the  divergence  angles  is  noted 
in  the  data  of  Fig.  13b,  for  pQ/ps  = 90  - 95,  where  is  3.0  - 3.2 
degrees  while  ,*■  is  1.9  degrees. 

The  conclusions  of  the  present  discussion,  which  are  believed  to 

be  fairly  well  (though  not  completely)  established  are  restated  below. 

First,  the  high  transmission  conditions  obtained  at  pq/ps~  90  - 95  for 

the  test  run  which  yielded  the  p /p  = 86,  x.  = .67  mm  point  in  Fig.  11 

os  in  r 3 

occur,  despite  estimated  r-oscillation  angles  of  '5.4  degrees,  and  wall 
calculation  angular  tolerance  limits  of  '3.9  degrees,  because  the  strong 
r-oscillations  of  the  light  rays  generate  z-oscillations  of  signi- 
ficantly smaller  amplitude  while  traversing  the  Venus  Machine.  The  same 
phenomena  is  believed  to  account  for  the  fact  that  for  pq/ps  - 80,  the 
upstream  well  limits  determined  from  transmission  on  photograDhic  data 
do  not  respect  the  wall  calculation  light  well  limits  in  Fig.  11. 
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4.3.2  Discussion  of  Some  Differences  Between  Experimentally  Determined 
And  Theoretically  Predicted  Light  Well  Limits  and  Maximum  Angular 
Tolerances. 

A number  of  points  from  the  experimental  data  suggest  that  the 
light  well  shapes  and  nr  vs  r profiles  are  somewhat  different  than 
predicted  by  the  theoretical  work  of  Section  3.  The  main  theoretical 
element  for  comparison  with  the  experimental  results  is  the  nr  versus 
r curve,  which  will  now  be  discussed.  The  portion  of  the  curve  upstream 
of  the  nozzle  exit  is  based  on  a simple  one-dimensional  analysis  and 
should  be  quite  accurate.  The  portion  of  the  curve  downstream  from 
the  nozzle  exit  was  based  on  the  expansion  of  a para! 1 el  M = 1 jet, 
not  a jet  issuing  from  a slot  with  walls  inclined  at  4 degrees  to  the 
flow  centerline  direction  as  is  the  case  in  reality.  The  inward  momen- 
tum of  the  jet  upstream  of  the  nozzle  exit  would  be  expected  to  delay 
the  expansion  of  jet  downstream  of  the  exit  to  a certain  degree.  Also 
no  attempt  was  made  in  the  calculations  to  allow  for  boundary  layer 
effects,  which  might  be  expected  to  produce  more  serious  disturbances 
to  the  flow  in  the  downstream,  supersonic  free  jet  flow  regions,  than 
in  the  upstream,  subsonic  bounded  flow.  In  general,  the  portion  of  the 
nr  versus  r profile  downstream  form  the  nozzle  exit  is  regarded  as  much 
more  suspect  than  that  further  upstream.  There  are  also  machining  and 
alignment  errors  which  may  effect  the  nr  versus  r profiles  in  ways  dif- 
ficult to  determine. 

The  location  of  the  most  stable  point  in  the  light  well  (point  B, 

Fig.  7b)  can  be  estimated  from  the  transmission  data  of  Fig.  14  by  cross- 
plotting the  latter  in  the  form  of  T versus  x-n  with  oo/r> ^ as  a parameter. 
For  60  s -95’  the  maxima  of  these  curves  are  fairly  well  defined 
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and  agree  well  with  the  theoretical  positions  for  the  most  stable  position 
in  the  light  well  obtained  from  the  nr  versus  r curves.  For  pq/ps  < 60, 
it  is  not  possible  to  construct  a smooth  curve  through  data  cross-plotted 
from  Fig.  14  whic!  properly  locates  the  maxima.  For  p0/ps  l 60,  the  most 
stable  point  in  the  light  well  (and  the  maxima  of  the  cross-plotted  trans- 
mission data)  are  upstream  of  the  nozzle  exit.  The  good  agreement  between 
theory  and  experiment  referred  to  above  lends  support  to  the  assumption  that 
the  theoretical  nr  versus  r curves  should  be  fairly  accurate  upstream  of  the 
nozzle  exit. 

The  upstream  light  well  limits  determined  from  photographic  data  (Figs.  11, 

12a  and  13a)  and  transmission  data  (Fig.  11)  suggest  a curve  which,  for  p0/ps 
l 50,  lies  about  0.20mm  to  the  right  of  the  theoretical  tail  calculation  curve. 

(The  difference  apparently  increases  to  .25  to  .30  mm  for  p0/ps  < 50.)  This 
suggests  that  the  true  nr  versus  r curve  differs  from  that  calculated  according 
to  the  methods  of  Section  3 in  a way  which  will  now  be  discussed  referring  to 
Fig.  18.  Fig.  18a  reproduces,  slightly  modified,  the  nr  versus  r curve,  for 
p0/ps  = 80,  of  Fig.  7b.  The  theoretical  light  well  limits,  according  to 
the  calculation,  is  based  on  the  height  of  point  C;  line  1 drawn  through 
point  C establishes  the  two  limits,  point  C itself  and  point  A.  The  experimental 
data  of  Figs.  11,  12a  and  13a  indicate  that  the  upstream  light  well  limit  is  at 
point  a instead  of  point  A.  If  one  assumes  that  the  limiting  point  in  the  light 
well  is  not  at  the  nozzle  walls  (following  the  earlier  discussion  of  z-osci 11 ations 
and  r-oscillations) , it  must  lie  on  the  nr  curve  of  Fig.  18a  downstream  of  the  nozzle 
exit;  it  also  must  lie  on  line  2 through  point  a.  The  experimental  data  suggests 
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an  nr  - r curve  which,  downstream  of  the  nozzle  exit,  is  represented  by  the 
dotted  curve  in  Fig.  18a.  This  sort  of  analysis  leads  to  similar  rough  esti- 
mates for  the  real  nr  - r curves  for  lower  pq/ps  values.  Examples  are  shown 
in  Fig.  18b  and  Fig.  18c  for  pq/ps  ~ 60  and  pq/ps  = 50.  For  the  lower  pq/ps 
values,  point  c is  to  the  right  of  point  C,  whereas  for  pq/ps  = 80  it  is  to 
the  left. 

The  estimation  of  the  form  of  the  true  nr  - r curves  as  described  in 
the  preceding  paragraph  is  supported  by  divergence  angle  data  from  Figs.  12b 
and  13b.  The  data  of  Fig.  13b  for  57  - pq/ps  - 63  and  particularly  the  data 
of  Fig.  12b  for  47  < pq/ps  - 63  suggest  a curve  for  the  maximum  angular  tol- 
erance of  the  light  well  which  lies  about  one  degree  below  the  theoretical 
curve  based  on  the  tail  calculation.  (The  difference  increases  to  -1.5  degrees 
for  p0/ps  - 47.)  From  the  limiting  line  (line  2)  in  the  nr  - r diagram  of 
Fig.  18b  (determined  from  photographic  and  transmission  data  of  Fig.  11)  a 
Anr  value  can  be  determined,  measured  from  the  bottom  of  the  light  well  to 
the  line.  Using  an  expression  similar  to  Eqn.  1 (section  3.2),  a maximum 
angular  tolerance  of  the  light  well  can  be  calculated.  This  value  can  then 
be  compared  with  the  observed  angular  extent  of  the  beam  leaving  the  Venus 
Machine  (the  data  of  Figs.  12b  and  13b).  This  comparison  was  performed 
for  p0/ps  = 60  (Fig.  18b)  and  other  pq/ps  values  between  47  and  63.  For 
55  i p0/ps  - 63,  the  agreement  was  excellent,  supporting  the  procedures 
for  estimating  the  true  nr  - r curve  described  earlier.  For  pq/ps  = 50, 
the  agreement  is  no  longer  good.  The  comparison  between  the  Anr  value 
determined  from  the  transmission  data  and  the  theoretical  curve  (Anr^) 
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and  the  value  determined  from  the  divergence  angle  data  (^nr,,)  suggests 
that  the  true  nr  - r curve  is  as  sketched  in  Fig.  18(c).  For  this  value 
of  p0/ps»  the  maxima  of  the  theoretical  nr  - r curve  is  approximately 
at  the  nozzle  exit  location;  the  experimental  data  suggests  that  the 
maximum  is  downstream  of  this  point  and  of  a higher  value. 

Much  of  the  data  of  Figs.  11,  12,  13  and  14  appears  to  indicate 
a total  disappearance  of  the  light  well  (under  the  most  favorable  con- 
ditions of  light  injection)  at  o /p  betweeen  42  and  45.  The  theoreti- 
cal curves  indicate  that  the  light  well  should  continue  to  exist  down 
to  pq/ps  = 27.  This  fact  suggest  that  for,  say,  p /p  = 40,  the  compar- 
ison between  the  theoretical  and  real  nr  - r curves  is  as  shown  in  Fig.  18d 
(estimated  real  curve  shown  dotted  downstream  of  the  nozzle  exit).  The 
theoretical  curve  still  has  a shallow  local  maxima  and  would  produce  a 
light  well,  while  the  real  curve  no  longer  has  a maxima  or  produces  a 
light  well.  It  is  noted  here  that  random  scattering  of  light  from  den- 
sity fluctuations  in  the  light  well  (e.g.  free-stream  and  boundary  - layer 
turbulence)  would  tend  to  cause  light  well  failure  at  higher  pq/ps  values 
than  predicted  theoretically.  Light  which  would  theoretically  be  trapped 
in  the  light  well  (the  theoretical  calculations  take  no  account  of  tur- 
bulence) can  be  scattered  out  of  the  well  by  the  turbulent  density  fluc- 
tuations. However,  observations  from  experimental  data  (see 

Section  4.3.7)  appear  to  indicate  that  the  random  scattering 
of  light  py  density  fluctuations  is  not  strong  enough  to  cause  light  well 
failure  at  p0/o$  = 42  if  the  theoretical  light  well  shapes  were  correct. 

The  differences  between  the  theoretical  nr  - r curves  and  the  esti- 
mated true  curves  (estimated  as  discussed  in  this  section)  can  be  made 
roughly  self-consistent  over  the  range  of  o0/psvalues  considered  as 
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follows.  Fig.  19  shows,  for  a particular  value  of  pq/ps>  the  theoretical 
nr  - r curve,  the  estimated  true  curve  and  two  limiting  lines.  The  n0r 
line  is  evaluated  at  the  gas  density  at  the  nozzle  stagnation  condi- 
tions; the  n^.  r line  is  evaluated  at  the  gas  density  at  full  expansion 
to  the  ambient  pressure  outside  the  nozzle.  Far  upstream  of  the  nozzle, 
nr  = curve  approaches  the  nQr  line.  If  the  region  of  the  nozzle  exit, 
the  nr  - r curve  changes  rapidly  from  being  close  to  the  n^r  line  to 
being  close  to  the  n^  r line.  All  the  estimated  true  nr  - r curves 
discussed  earlier  suggest  that,  downstream  from  the  nozzle  exit,  the 
expansion  of  the  gas  does  not  take  place  as  fast  in  fact  as  is  predicted 
theoretically.  The  amount  by  which  the  expansion  lags  behind  that  pre- 
dicted theoretically  is  roughly  consistent  as  determined  over  the  com- 
plete range  of  estimated  nr  - r curves  discussed  earlier.  This  strongly 
suggests,  but  does  not  prove,  that  delayed  expansion  downstream  from 
that  nozzle  exit  is  the  main  cause  for  the  difference  between  the  theore- 
tical and  estimated  true  nr  - r curves. 

An  important  contribution  to  the  delayed  expansion  is  probably  due 
to  the  inward  momentum  of  the  gas  flow  approaching  the  nozzle  exit; 
this  occurs  since  the  nozzle  walls  are  inclined  at  '4  degrees  to  the 
center  line  of  the  flow.  The  theoretical  model  assumed  the  supersonic 
expansion  starts  with  a parallel  flow  M = 1 jet.  Boundary  layer  effects 
and  machining  and  alignment  errors  may  also  contribute  to  the  differences 
between  the  theoretical  and  estimated  true  nr  - r curves. 

4.3.3  Estimation  of  the  True  Maximum  Angular  Tolerance  of  the  Light 
Well  Based  on  the  Tail  Calculation 

The  divergence  angle  data  of  Figs.  13(b)  and  13(b)  is  reproduced 
in  Fig.  20  with  an  estimated  true  ;^.curve  added.  This  curve  was  obtained, 
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as  described  below,  fo llov.i ng  very  closely  many  of  the  arguments  presented 
in  Section  4.3.2  with  respect  to  the  estimation  of  the  true  nr  - r curve. 
For  55  < pq/ps  - 95,  the  curve  was  obtained  by  noting  the  x value  of  the 
upstream  limit  of  the  light  well  obtained  from  the  experimental  trans- 
mission and  photographic  data  presented  in  Fig.  11.  Combining  this 
information  with  the  theoretical  nr  - r curve  (which  appears  to  be 
fairly  accurate  upstream  of  the  nozzle  exit  —see  Section  4.3.2)  yields 
a nr  difference  between  the  light  well  limit  and  the  bottom  of  the  well. 
Using  an  equation  similar  to  Eqn.  2,  Section  3.2,  the  estimated  true 
maximum  angle  tolerance  of  the  light  well  (^__)  based  on  the  (pseudo-) 
tail  calculation  is  obtained.  For  47  f rQ/ps  * 55,  the  curve  basically 
follows  the  ,'z  and  Cy  curves  of  Fig.  20(a).  There  are,  however,  reasons 
for  doing  this  which  are  consistent  with  the  overall  picture  for  the 
estimated  true  nr  versus  r curves  developed  in  section  4.3.2.  Finally, 

is  taken  to  go  to  zero  at  the  point  of  light  well  failure  ( c 
- 42)  indicated  by  many  of  the  data  of  Fig.  11,  12,  13  and  14.  Again, 
the  nr  - r discussion  of  section  4.3.2  contains  arguments  very  relevant 
to  this  assumption. 

4.3.4  Tendency  of  High  Transmission  Conditions  to  be  Associated 
With$r  and$2  Less  Than  $ and 

Comparing  the  transmission  data  of  Figs.  12(c)  and  13(c)  with  the 

Fig.  20  shows  that  hich  transmission 

divergence  angle  and  :Tr.  and  ' data  of /condi tions  are  associated  with 
ir  and  values  which  are  significantly  below  both  the  j and  1 imi ts . 

In  this  connection,  it  should  be  pointed  out  that  crude  heat  transfer  cal- 
culations (see  Section  3.1)  indicate  that  for  the  lower  pq/cs  values 
(p0/os  = 45  - C5)  the  best  estimate  for  the  location  of  the  true  - curve 
is  roughly  halfway  between  the  two  curves  shown.  For  higher  values  of 
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p /p  the  true  a curve  would  be  expected  to  be  progressively  closer 
os  Tw 

to  the  curve,  based  on  heat  transfer  arguments.  In  particular, 

the  highest  transmissions,  those  of  Fig.  13(c)  (and  Figs.  13b  and  20b) 
for  p0/ps  ? 75  are  associated  with  - and  values  ranging  from  1 to 

2.5  degrees  below  the  ^ and  a limits,  with  the  very  highest  T value 
(arrow  Fig.  20b)  occurring  at  a minimum  of  $ . The  x^n  - -.16  mm  data 
(Figs.  12,  20a)  does  not  show  such  outstandingly  high  T values,  but 

the  range  of  the  highest  T values  of  the  run,  65  < pq/ps  _ 75,  corresponds 
to  that  region  where  the  and  values  are  below  both  the  ^ and 
$ limits.  In  this  region  the  Pr  and  values  average  0.7  to  1.0 
degrees  below  the  limits  with  the  highest  T value  (arrow,  Fig.  20a) 
centered  in  the  region  of  relatively  low  <•  and  f . Under  operating 
conditions  yielding  lower  T values,  the  p and  pr  values  tend  to  be 
quite  close  to  either  $ or  The  correspondence  noted  in  this 

paragraph  is  to  be  expected,  since  ; or  pz  values  near  the  limiting 
curves  means  that  some  light  is  on  the  point  of  being  lost  from  the 
well;  these  conditions  would  be  expected  along  with  lower  T values. 

4.3.5  DETAILED  DISCUSSION  OF  THE  DATA  FROM  TWO  SERIES  OF  TEST  RUNS 
ON  THE  VENUS  MACHINE 

The  two  series  of  test  runs  to  be  discussed  are  those  yielding  the 
data  of  Figs.  12  and  20a,c  /p  = 95,  xin  = -.16  mm,  and  those  yielding 
the  data  of  Figs.  13  and  20(b),  r00/p$  = 95,  x^n  = .20  mm. 

4. 3. 5.1  SOME  DISCUSSION  OF  TRANSMISSION  DATA  WITH  REFERENCE  TO 
LIGHT  WELL  PHOTOGRAPHS 

The  photographs  presented  in  this  discussion  were  those  taken  in 
1974  (see  Section  2.2).  They  were  taken  with  the  input  window  of  the 
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Venus  Machine  flooded  with  light,  and  should  provide  a fairly  accurate 
measure  of  the  total  extent  of  the  light  well.  The  only  significant 
difference  between  the  operating  conditions  for  the  photographs  and  those 
for  the  data  of  Figs.  12,  13  and  20  is  that  long  runs  with  a drop  in 
the  gas  reservoir  temperature  were  taken  for  the  latter,  and  short  runs 
for  the  former.  This  means  that  the  theoretical  limiting  curves  for 
the  light  well  shape  and  maximum  angular  tolerance  based  on  the  wall 
calculation  are  the  "n  aT"  curves  in  Figs.  12  and  13  for  the  photo- 
graphs but  would  lie  somewhere  between  the  "n  aT"  and  the  " a T"  curves 
for  the  remaining  data.  See  discussion  of  Sections  3.1  and  3.2.  This 
difference  is  relatively  small  and  would  appear  to  affect  the  following 
discussion  only  slightly,  but  should  be  borne  in  mind. 

The  photographs  for  eight  different  values  of  f,  /r s are  shown  in 
Fig.  21.  The  circles  are  of  the  estimated  "diameter"  of  the  input  laser 
beam.  The  beam  is,  of  course,  not  sharply  bounded  at  this  diameter; 
there  is  some  power  outside  the  indicated  circle.  Except  for  the  case 
of  p0/ps  = 43.9  each  photograph  shows  the  position  of  the  input  laser 
beam  for  x.  =-.16  mm  (Fig.  12  and  20a)  and  for  x.  = .20  mm  (Fiq.  13 
and  20b).  The  circle  in  the  tail  of  the  light  well  is  that  for  x.  = 

-.16  mm.  It  was  not  possible  to  establish  r and  z coordinate  references 
for  the  picture  with  p /p  = 43.9;  only  the  diameter  of  input  laser 
beam  is  indicated  in  this  case. 

In  the  discussion  to  follow  it  should  be  borne  in  mind  that  one 
does  not  expect  a near-perfect  quantative  agreement  between  Fig.  21  and 
the  data  of  Figs.  12,  13  and  20.  In  particular,  the  photographs  of  Fig.  20 
are  of  the  output  window  of  the  Venus  Machine  whereas  the  position  of 
the  input  bean  is  measured  at  i nput  window  and  there  are  manufacturing 
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and  mounting  errors  which  rake  these  two  position  not  strictly  equiva- 
lent. This  alone  would  preclude  agreement  of  very  high  accuracies. 

For  = .20  nr,;  (Fig.  13c),  T > .900  for  p0/ps  - 67  and  is  greater 

than  .990  for  pq/ps  - 74  reaching  a value  of  .997  at  p /p  = 80.  In 

constrast,  for  x.  = -.16  r.m  (fig.  12c)  T ranges  from  .910  to  .955 

for  53  - pq/ps  - 95  with  .555  being  the  maximum  value.  Turning  to 

Fig.  21,  it  can  be  seen  that  for  x.  = .20  mm  and  p /p  > 75,  the  input 
3 in  o s 

laser  beam  in  centered  well  inside  the  light  well,  so  that  not  only  the 
central  portion  of  the  bear,  (roughly  indicated  by  the  circle)  but  a 
large  amount  of  the  light  in  the  outlying  regions  is  injected  inside 
the  light  well.  This  fact  is  believed  to  account  for  the  very  high 
transmission  measured  under  these  operating  conditions.  For  x^n  - -.16mm, 
50  5 p0/ps  * 91,  however,  it  is  apparent  from  Fig.  21  that  there  are 

no  pq/ps  values  where  the  input  laser  beam  is  injected  such  that  the 
central  and  the  outlying  regions  of  the  beam  are  as  deeply  inside  the 
light  well  as  is  the  case  for  - .20  mm.  Under  this  whole  range  of 

p0/ps  values,  it  is  believed  that  a significant  part  of  the  outlying 
regions  of  the  input  laser  beam  misses  the  light  well,  accounting  for 
the  lower  transmission  values  of  .91  to  .955  (the  maximum  value). 

4.3. 5.2  ESTIMATED  TRUE  LI  GMT  WELL  COIlTOUP,  PLOTS 

Fig.  22  shows  estimate''  true  light  well  nr  contours  plots  constructed 
as  follows.  The  nr  values  along  the  centerline  upstream  of  the  nozzle 
exit  were  taken  from  the  ti  -retical  nr-r  curves  discussed  in  Section  3.1. 
The  nr  values  along  the  ce  • Ic rl  ine downstream  of  the  nozzle  exit  were 
taken  fr^m  the  estimated  tru  . nr-r  curves  in  this  region  which  were  ob- 
tained as  described  in  Sect;,  i 4.3.2.  The  height  of  the  nr  jump  through 
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the  boundary  layer  is  taken  from  a comparison  of  the  theoretical  nr 

and  n r curves  obtained  as  discussed  in  Section  3.1.  The  thickness  of 
w 

the  boundary  layer  is  greatly  exaggerated  in  Fig.  22  for  clarity.  The 
contour  forming  the  boundary  of  the  light  well  is  taken  from  the  photo- 
graphs of  Fig.  21.  The  variations  of  nr  in  the  z-direction  downstream 
of  the  nozzle  exist  were  obtained  from  the  theoretical  calculations  of 
Ref.  4.  These  calculations,  although  done  for  slightly  different  con- 
ditions than  those  of  the  Venus  Machine,  should  give  a fair  estimate 
of  the  z-structure  of  the  light  well  downstream  of  the  nozzle  exit.  The 
plots  of  Fig.  22,  while  not  of  extreme  accuracy,  are  believed  to  give 
a fairly  good  estimate  of  the  true  structures  of  the  light  wells.  Note 
that  the  contour  intervals  are  not  the  same  for  the  five  values  of  pq/ps- 
In  each  contour  plot,  the  size  and  location  of  the  input  laser  beam 
for  the  two  operating  conditions  to  be  discussed  in  the  two  succeeding 
sections  are  indicated. 

4.3. 5.3  Discussion  of  the  Operating  Conditions  of  the  Data  of  Figs.  13 
and  20b  (x^n  = .20  mm,  p00/p$  - 95). 

First,  the  operating  conditions  75  1 pq/ps  - 95  will  be  discussed. 
The  relevant  parts  of  Fig.  22  are  (a)  and  (b).  For  these  conditions  the 
light  is  injected  over  a relatively  small  range  of  nr  values  compared  to 
the  conditions  with  x^n  = -.16  mm.  As  discussed  in  Section  4.3.1,  the 
light  will  immediately  begin  to  oscillate  in  the  r-direction.  However, 
because  of  the  injection  conditions  the  oscillations  will  be  of  modest 
amplitude.  Hence,  the  light  will  penetrate  only 


-36- 


a relatively  small  distance  into  the  region  of  curved  nr  contours  down- 
stream of  the  nozzle  exit.  "Reflection"  of  the  oscillating  light  from 
these  relatively  gently  curved  contours  should  cause  a relatively  in- 
efficient generation  of  z oscillations  from  the  initial  r oscillations. 
This  relative  inefficiency  of  generation  of  z oscillations  is  believed  to 
be  responsible  for  the  observed  fact  that  <’z  is  less  than  $ for 
pq/ps  * 70  (Fig.  13b).  The  injection  low  in  the  well  and  the  cor- 
responding modest  amplitude  of  the  initial  r oscillation  is  very  likely 
responsible  for  the  fact  that  <j>z  and  are  well  below  the  limiting 
curves  of  ^ and  <*w  for  pq/ps  > 75  (Fig.  20b).  The  same  factors, 
combined  with  the  relatively  inefficient  generation  of  z oscillations, 
mean  that  initial  order  of  the  light  in  the  well  (i.e.,  the  initial 
r oscillations)  tends  to  be  relatively  well  preserved  as  the  light 
traverses  the  Venus  Machine,  and  are  likely  responsible  for  the  order- 
ing in  the  r and  z directions  apparent  in  the  divergence  angle  photo- 
graphs. Photographs  23a  and  23b  are  relevant  to  the  present  discussion. 
Fig.  23a  shows  two  unequal  spots  elongated  in  the  r-direction  separa- 
ted by  a region  of  somewhat  lower  light  intensity.  Fig.  23b  shows 
an  almost  rectangular  output  beam  oriented  along  the  r and  z directions. 
The  injection  of  the  laser  beam  low  in  the  light  well,  the  correspond- 
ingly relatively  modest  amplitudes  of  the  r and  z oscillations  (well  below 
the  limiting  values  of  4>,r  and  <*  ) and  the  fact  that  the  light  well 
extends  considerably  beyond  the  "diameter"  of  the  input  spot  in  all 
directions  (see  Section  4. 3. 5.1)  combine  to  yield  very  favorable  operating 
conditions  under  which  transmission  of  the  Venus  Machine  is  very  high, 


from  .992  to  .997. 
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The  operating  conditions  63  1 pq/ps  < 75  will  be  discussed.  The  re- 
levant part  of  Fig.  22  is  (c);  the  photographs  of  Fig.  21  for  pq/ps  = 74.1 
and  64.6  are  also  in  this  range.  In  this  case  the  light  tends  to  be  in- 
jected considerably  higher  up  in  the  well.  Stronger  r oscillations  will 
immediately  start.  The  light  also  will  ride  much  further  up  into  the 
region  of  curved  nr  contours  downstream  from  the  nozzle  exit.  "Reflection" 
from  these  strongly  curved  and  inclined  contours  should  cause  a much  more 
efficient  generation  of  z oscillations  from  the  initial  r oscillations. 

Then  behavior  of  the  and  data  of  Figs.  13b  and  20b  for  63  - pq/ps 
S 75  reflects  roughly  the  above  discussion.  There  is  much  less  tendency 
for  to  be  less  than  particularly  allowing  for  the  fact  that  the 
divergence  angle  photographs  for  pq/ps  = 72.5  and  75  show  faint  light 
traces  which,  if  included  in  the  calculation  of  $ , would  have  made  <>z 
roughly  equal  to  <}>  . These  traces  are  not  present  for  pq/ps  ^ 77.5. 

If  is  considered  to  be  roughly  equal  to  <Jr  for  r0/e$  = 72.5  and  75, 

then,  in  general,  in  the  region  of  discussion,  $r  and  $ tend  to  be  much 
closer  to  the  limiting  curves  or  <>w)  than  for  conditions  with 

po/ps  > 75.  The  4>z  data  are  essentially  at  the  limiting  ^ value  for 
63  ^ p0/ps  ^ 67. 

The  following  should  be  noted  at  this  point.  For  xin  = .20  mm, 
the  light  is  initially  travelling  in  the  Venus  Machine  with  strong 
oscillations  in  the  r directions  only.  Oscillation  energy  is  then  trans- 
ferred to  oscillations  in  the  z directions  (from  those  in  the  r direction). 
With  a very  high  efficiency  of  transfer,  one  would  expect  the  oscilla- 
tions to  be  of  equal  amplitude  in  the  r and  z directions,  but  the  ampli- 
tude in  the  z direction  would  not  be  expected  to  be  higher  than  that  in  the 


r direction.  The  data  of  Figs.  13b  and  20b  for  60  - t.^/p  - 70 
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would  appear  to  contradict  this.  However,  careful  examination  of  faint 
wisps  of  light  in  these  photographs  indicate  that  the  condition 
is  not  significantly  violated.  However,  the  $2  and  $ data  were  kept 
as  originally  plotted,  that  is,  those  angles  within  which  a moderately 
strong  exposure  appears  on  the  film.  This  points  out,  to  a certain 
degree,  the  arbitrary  nature  of  taking  these  sort  of  measurements  off 
photographs.  However,  the  investigators  believe  that  even  if  a consider- 
ably different  exposure  intensity  was  taken  to  establish  dimensions  to 
be  taken  off  photographs,  the  discussion  and  conclusions  of  this  report 
would  be  unaltered.  The  following  paragraph  returns  to  the  main  dis- 
cussion of  this  section. 

The  lowered  transmission  values  for  this  range  of  pq/ps 1 i kely  reflects 
the  fact  that,  as  p0/p$  decreases  some  of  the  outlying  energy  of  the 
laser  beam  begins  to  be  injected  outside  the  well  on  the  upstream  side. 

* 

See  especially  Fig.  21. 

The  transmission  decreases  from  .992  for  p /p  =75  to  .963  for  p /p  = 63. 

O S 0 s 

The  stronger  oscillations  of  the  light  in  the  well  are  also  reflected  in 
the  more  disorganized  structure  of  the  divergence  angle  photographs.  A 
typical  such  photograph  is  shown  in  Fig.  23(c)  for  p0/ps  = 65.  The  diver- 
gence angle  photographs  tend  to  show  a somewhat  filamentary  character  with 
individual  filaments  subtending  angles  as  small  as  0.5  degrees.  It  is 
believed  that  this  filmentary  structure  may  result  from  a kind  of  extreme 
extending  and  distortion  of  the  initially  compact  laser  beam  as  it  under- 
goes repeated  reflections  from  the  highly  curved  nr  contours  downstream 
from  the  nozzle  exit.  The  minimum  angle  subtended  by  the  filamentary 
structure  is  roughly  equal  to  the  angle  subtended  by  the  input  laser  beam; 
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the  latter  angle  is  0.7  degrees.  This  explanation  for  the  filamentary  struc- 
ture is  tentative,  at  present,  however. 

Finally,  operating  conditions  p0/ps  - 63  will  be  discussed.  Of  Fig.  22, 

(d)  and  (e)  are  now  relevant,  and  of  Fig.  21,  all  photographs  in  the  appropri- 
ate p0/ps  range.  Under  these  conditions,  as  p0/p$  is  lowered,  the  upstream 
limit  of  the  light  well  rapidly  moves  past  the  input  laser  beam  and  the  trans- 
mission falls  very  steeply.  T falls  from  .963  at  pq/ps  = 63  to  .048  at  p0/ps 
= 55.  The  and  (Figs.  13b  and  20b)  values  and  the  nature  of  the  divergence 
angle  pictures  show,  in  general,  little  change  as  pq/ps  decreases  below  63  to 
the  point  of  "photographic  light  well  failure"  - p0/ps  = 55,  at  which  point  no 
exposure  is  detectable  on  the  film.  The  apparent  sharp  decreace  in  $ and  <j>r 
at  pq/ps  = 57.5  may  be  due  simply  to  the  very  greatly  decreased  amount  of  light 
falling  on  the  film,  creating  an  image  of  which  only  the  brighter  inner  regions 
are  recorded.  At  pq/ps  = 60,  a faint  tail  extending  in  the  direction  of  the 
tail  of  the  light  well  is  noted  in  the  divergence  angle  photographs.  The  angu- 
lar extent  of  this  tail  is  well  beyond  the  $Tr  and  p limits  and  is  indicated 
by  the  P01nt  in  ^9-  13b  and  20b.  This  phenomena  will  be  discussed  fur- 

ther in  Section  4.3.6. 

4.3. 5.4  Discussion  of  the  Operating  Conditions  of  the  Data  in  Figs.  12  and  20 a 
(xin  = -.16  mm,Poo/ps  = 95). 

First,  the  operating  conditions  75  2 pQ/p  S 95  will  be  discussed,  (a)  and 
(b)  are  relevant  from  Fig.  22  and  the  first  two  photographs  from  Fig.  21.  The 
light  is  injected  high  up  in  the  light  well  under  these  conditions,  in  contrast 
to  the  correspondi ng  conditions  for  xin  = .20  mm.  The  light  is  also  injected 
over  a much  larger  range  of  nr  values  than  is  the  case  for  x^n  = .20  mm.  The 
light  will  immediately  begin  oscillating  strongly  in  both  the  r and  z directions; 
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the  latter  because  the  light  is  injected  in  regions  with  large  nr  gradients  in 
the  z direction.  Under  these  conditions,  the  magnitude  of  the  oscillations  in 
teh  r and  z directions  would  be  expected  to  be  nearly  equal,  as  is  shown  exper- 
imentally by  the  data  of  Figs.  12b  and  20a.  A typical  divergence  angle  picture 
in  this  p0/ps  range  is  shown  in  Fig.  23d.  The  output  beam  is  diffused  and 
roughly  circular  with  little  trace  of  the  fine  fi lamentation  at  Fig.  23c.  With 
the  light  injected  at  high  levels  in  the  well,  the  well  is  essentially  filled 

up  to  the  limiting  value,  6 That  is,  $ and  $ are  roughly  equal  to 

w f a i z r 

<j>w  ,j  in  Figs.  12b  and  20a.  (As  mentioned  earlier  in  this  report,  for  the  higher 
values  of  p /p  , the  true  <s  curve  should  lie  fairly  close  to  the  a t curve.) 

Since  the  edge  of  the  central  region  of  the  input  laser  beam  (the  circles  in 
Fig.  22)  are  quite  close  to  the  light  well  limits,  a considerable  portion  of 
the  light  in  the  outlying  portions  of  the  beam  is  not  trapped  in  the  light  well 
and  is  lost.  Hence,  the  transmission  of  the  Venus  is  relatively  low  (.91  - .95) 
compared  to  the  corresponding  conditions  with  x^n  =.20mm(T  > .99). 

There  are  two  apparent  disagreements  in  the  experimental  data  which  should 
be  noted  at  this  point. 

(a)  Divergence  angle  photographs  at  xin  = -.16  mm,  pq/ps  =80-95  (injection 
high  in  light  well)  show  little  or  no  fi lamentation,  while  photographs 

at  xin  = .20  mm,  pq/ps  =57-72  (injection  also  high  in  light  well) 
show  fil amentation. 

(b)  Divergence  angle  photographs  at  x.  = -.16  mm,  pq/ps  =80-95  (injection 
high  in  well)  indicate  a very  symmetrical  output  beam,  with  = <j>  , while 
for  xin  = .67  mm,  pq/ps  =85-95  (also  injection  high  in  well),  trans- 
mission and  photographic  data  indicate  that  <}>  is  substantially  larger 
than  $ (see  Section  4.3.1). 
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Discussion  of  these  points  will  be  made  with  some  reference  to  Figs.  22a 
through  22d.  The  data  suggest  that  injection  high  in  the  light  well  on  the 
upstream  slope  can  cause  considerable  ordering  to  be  shown  in  the  divergence 
angle  photographs(or  implied  by  other  data).  In  the  cases  mentioned,  either 
f ilamentation  or  $ considerably  greater  than  <■  . On  the  other  hand,  injec- 
tion high  in  the  light  well  on  the  downstream  slope  appears  to  generate  rela- 
tively disordered  divergence  angle  photographs  (a  = $z,  little  or  no  filamen- 
tation).  It  is  believed  that  these  differences  may  be  related  to  the  fact 
that  light  injected  high  in  the  light  well  on  the  downstream  slope  will  imme- 
diately start  oscillating  strongly  in  the  z direction  as  well  as  in  the  r 
direction.  Referring  to  Fig.  22,  some  of  the  light  from  the  input  beam  will 
move  in  the  positive  z direction,  some  in  the  negative  z direction  and  some  only 
in  the  r d1rection(the  light  which  moves  in  the  +ve  and  -ve  z directions  also 
moves  in  the  r direction).  The  rapid  distortion  of  the  input  beam  implied  by 
these  varied  z-motions  may  be  connected  with  the  lack  of  structure  of  the  di- 
vergence angle  photographs  for  conditions  with  injection  high  in  the  well  on 
the  downstream  slope.  The  light  injected  high  in  the  well  on  the  upstream  slope 
will  initially  begin  to  move  in  a well  organization  fashion  almost  solely  in 
the  r - direction.  However,  after  crossing  the  well,  this  light  will  enter  the 
region  of  strongly  curved  nr  contours,  and  it  is  not  clear  that  the  disorganiza- 
tion of  the  light  on  "reflection"  will  be  less  than  the  initial  disorganization 
of  the  light  injected  high  on  the  downstream  side,  though  this  may, in  fact,  be 
the  case.  It  is  believed  that  organizational  differences  of  the  divergence  angle 
(or  implied  divergence  angle)  data  discussed  in  this  paragraph  are  related  to  the 
mechanisms  presented  herein  but,  on  account  of  the  uncertainties,  this  must  remain 
tentative  at  present. 

L _ . 
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Operating  conditions  with  63  5 pq/ps  - 78  will  now  be  discussed. 

Fig.  22c  and  the  photographs  for  p0/ps  = 64.6  and  74.1  of  Fig.  21  are 
relevant.  For  these  conditions,  the  light  starts  out  somewhat  lower  in 
the  light  well  than  for  pq/ps  > 78.  Also,  the  central  region  of  the  in- 
put laser  beam  is  somewhat  farther  removed  from  the  limits  of  the  light 
well  [cf.  (c)  Fig.  22  with  (b)  and  (a)].  Hence,  the  transmission  is  some- 
what higher  than  for  78  < p0/ps  - 95  (-947  to  .955  versus  .910  to  .947). 
However,  the  input  beam  is  still  not  nearly  as  well  contained  in  the  well 
as  for  conditions  with  xin  = .20  mm  and  75  i Pq/ps  - 95  and  the  very  high 
transmissions  of  the  latter  (>.99)  are  not  approached. 

For  conditions  with  x^n  = .20  mm  and  75  f P0/ps  - 95  (Section  4. 3. 5. 3), 

a and  d>  were  substantially  below  the  a and  6,r  limits  and  T > .99.  For 
r z w TE 

this  case,  clearly  by  far  the  greater  fraction  of  the  light  of  the  input  la- 
ser beam  is  trapped  well  inside  the  input  well.  In  contrast,  for  the  present 
conditions,  T = .95  and  <(i  and  <{>r  are  considerably  closer  to,  but  still  below, 
the  $jr  and  limits.  However,  there  is  some  apparent  disagreement  among  the 
experimental  data.  The  transmission  data  indicates  that  5»  of  the  light  is  in- 
jected above  the  light,  well  limits  and  lost,  while  the  divergence  angle  data 
would  appear  to  indicate  that  all  of  the  input  should  be  transmitted  since  all 
of  it  is  below  the  limiting  values  of  $w  and  . The  apparent  disagreement 
is  not  believed  to  have  any  significant  effect  on  the  discussions  of  this  re- 
port and  may  be  due  to  one  or  more  of  the  following  factors: 

(a)  The  divergence  angle  and  transmission  data  were  taken  under 


slightly  different  operating  conditions. 
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(b)  On  the  divergence  angle  photographs,  a small  amount  of  light 
can  be  noticed  out  to  angles  slightly  larger  than  the  values  of  4>z  and 
$r  recorded  in  Figs.  12b  and  20a.  Inclusion  of  this  light  in  the  de- 
termination of  and  <Jr  would  render  these  values  closer  to  ^ and  <w- 
In  the  range  of  the  highest  transmission  values  (65  1 pq/ps  - 70),  the 
divergence  angle  photographs  show  organization  along  the  r and  z directions 
similar  to,  but  not  as  strong  as  that  for,  x^n  = .20  mm,  pq/ps  =90-95 
(Section  4. 3. 5. 3).  Fig.  23e  shows  a divergence  angle  photograph  for  p0/ps 
= 67.5.  The  photograph  has  some  similarity  to  that  for  = .20  nrn, 
pq/ps  = 95  (Fig.  23a),  showing  again  two  spots  elongated  in  the 

r direction,  separated  (for  the  most  part)  by  a region  of  lower  light  intensity. 

As  is  the  case  for  x..  = .20  mm,  the  strongest  organization  of  the  divergence 

angle  photograph  in  the  r and  z directions  is  associated  with  the  highest  trans- 
missions of  the  Venus  Machine. 

In  discussing  operating  conditions  with  53  - pq/ps  f 63  Fig.  22d  and  the 
photographs  of  Fig.  21  for  p0/ps  = 55.4  and  59.7  are  relevant.  The  transmission 
values  are  i^wer  than  for  63  S p0/p$  ^ 78,  ranging  from  .924  to  .947.  The  diver- 
gence angle  photographs  no  longer  have  the  structuring  along  the  r and  z directions. 
As  p0/ps  decreases,  $ and  increase  until  they  are  roughly  equal  to  at  p /p 
= 61  and  then  follow  the  $yE  curve  as  p0/p$  decreases  further. 

Conditions  below  pq/ps  - 53  show  that  the  well  decreases  very  rapidly  in  ex- 
tent in  both  the  r and  z directions  and  the  transmission  falls  very  steeply,  drop- 
ping from  .900  at  p0/p$  = 52  to  .091  at  p0/ps  = 48.  Fig.  22e  and  the  photographs 
of  Fig.  21  for  p0/ps  = 50.1  and  43.9  are  relevant. 
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4.3.6  Photographically  Indicated  Extension  of  Light  Beyond  the  Downstream 
Limits  of  the  Light  Well. 

Reference  will  be  made  of  the  Figs.  11,  12,  and  13.  When  the  light  in- 
jected into  the  Venus  Machine  is  in  the  form  of  a narrow  beam  for  certain 
Po/ps  values,  the  light  well  photographs  indicate  a substantially  greater 
"light  well"  extent  than  those  photographs  taken  with  the  input  window  of 
the  Venus  Machine  flooded  with  light.  (The  latter  photographs  have  been  shown 

to  give  a picture  of  the  true  extent  of  the  light  well.)  This  phenomena  occurs 

for  x^n  = -.16  mm,  45  S p0^°s  - 55,  and  for  x^n  = .20  mm,  55  < pQ/ps  - ^2  (com- 
pare Figs.  11,  12a  and  13a).  For  x..  = ,20  mm,  55  < pq/ps  - 52,  and  x^p  = -.16  mm, 

45  Z p0/ps  - 55,  the  phenomena  are  clearly  associated  with  light  in  the  process 
of  being  lost  from  the  light  well  and,  in  fact,  outside  the  limits  of  the  light 
well.  The  fact  that  the  light  is  in  process  of  being  lost  is  supported  by  the 
transmission  data  (Figs.  12c  and  13c)  which  indicate  a very  steep  drop  in  trans- 
mission in  the  p0/ps  ranges  of  interest.  Further,  the  divergence  angle  photo- 
graphs show  long  tails  extending  well  beyond  the  maximum  tolerance  angles  of  the 
light  well.  A typical  such  divergence  angle  photograph  is  shown  in  Fig.  23c. 

The  angular  extent  of  these  tails  are  indicated  in  Figs.  12b  and  13b.  For  x^n 
= .20  mm,  only  one  photograph  shows  a tail. 

4.3.7  Scattering  of  Light  in  the  Venus  Machine 

In  Section  3.4,  three  types  of  random  density  perturbations  were  discussed 
which  might  cause  scattering  of  light  within  the  Venus  Machine.  These  three 
types  were: 


1)  Density  perturbations  in  the  free  stream  flow  in  the  light  well  region 
which  are  caused  by  residual  temperature  and  pressure  perturbations  carried 
downs  -earn  from  turbulence  producing  regions  in  the  approach  flow  system. 
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2)  Density  perturbations  in  the  free  stream  flow  in  the  light  well  re- 
gion caused  by  acoustic  noise  radiation  from  the  boundary  layers. 

3)  Density  perturbations  in  the  boundary  layer  in  the  light  well  region 
due  to  pressure  and  temperature  fluctuations. 

Experimental  estimates  of  the  maximum  random  scattering  angle  of  the  Venus  Ma- 
chine were  made  as  follows.  The  filamentary  structure  of  the  divergence  angle 
photographs  noted  in  Section  4. 3. 5. 3 for  63  < p /p  < 75  (e.g..  Fig.  23c)  would 
be  expected  to  be  destroyed  for  random  scattering  much  greater  than  half  the 
width  of  the  filaments.  The  filaments  typically  are  of  width  0.5  degrees,  lead- 
ing to  a rough  estimate  of  the  maximum  scattering  angle  of  the  Venus  Machine  of 
0.25  degrees.  The  input  laser  beam  subtends  a half-angle  of  .35  degrees.  Thus, 
the  fine  structure  observed  in  the  output  beam  subtends  roughly  the  same  angle 
as  the  input  beam.  This  suggests  that  random  scattering  in  the  Venus  Machine 
may  be  quite  low,  perhaps  0.1  - 0.2  degrees  or  less,  and  much  less  than  the 
typical  half  angle  subtended  by  the  entire  output  beam  (typically  ~4  degrees). 
Further  work  is  required  to  settle  the  question  of  the  random  scattering  angle 
of  the  Venus  Machine. 

4.3. 6 Comparison  of  Data  for  poq/ps  - 68  with  that  for  poq/cs  = 95. 

All  of  the  data  discussed  in  Section  4.3  up  to  this  point  (with  the  excep- 
tion of  the  1974  transmission  data)  was  taken  with  poq/ps  = 95.  For  = -.16mm, 
light  well  and  divergence  angle  photographs  and  transmission  data  were  also  taken 
with  p00/ps  * 68.  For  x.-n  = .20  mm,  transmission  data  only  was  taken  for 
poo/ps  = 68.  The  data  for  corresponding  pq/ds  values  is  compared  below.  Be- 
cause data  for  pq/ps  > 68  is  not  available  from  a test  run  with  pqo/ps  ~ 68, 
the  comparison  is  limited  to  pq/ps  S 68.  The  photographic  data  (light  well  and 
beam  divergence  photographs)  were  almost  identical  for  p /p  = 68  and  95.  The 
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transmission  data  in  each  pair  of  data  curves  were  very  similar  to  each 
other;  however,  the  rapid  fall-off  of  transmission  occurred  at  slightly 
lower  values  of  p0/ps  for  p00/p$  = 68.  There  would  appear  to  be  no  reason 
why  the  performance  of  the  Venus  Machine  should  be  slightly  worse  at  t00/ps 
= 95  than  at  poq/ps  - 68,  as  indicated  by  the  transmission  data,  except  for 
the  scattering  effects  of  density  perturbations.  Of  the  3 causes  of  density 
perturbations  given  in  Section  4.3.7,  the  first  and  third  are  clearly  depen- 
dent on  the  difference  between  the  gas  reservoir  temperature  and  the  tempera- 
ture of  the  Venus  Machine.  Since  this  temperature  difference  is  larger,  for 
example,  for  a pq/ps  - 60,  poq/ps  = 95  run  condition  than  for  a p^ps  = 60, 
p00/ps  ~ ^ run  condition,  the  density  perturbations  and  the  attendant 
scattering  of  light  in  the  light  well  would  be  expected  to  be  larger  for 
a p00/ps  ~ 95  test  run  than  for  a poq/ps  - 68  test  run  at  the  same  pq/ps 
value.  This  effect  may  be  responsible  for  the  slightly  poorer  performance 
of  the  light  well  (at  the  same  pq/ps  value)  for  p00/ps  = 95  as  compared 
to  that  at  p00/ps  - 68. 

4.4  Transmission  Data 

Most  of  the  discussion  of  this  report  involves  detailed  analyses  of 
transmission  data  along  with  divergence  angle  and  light  well  photographic 
data;  only  a few  remarks  are  called  for  which  refer  mainly  to  transmission 
data  alone;they  will  be  given  here. 

In  the  comparison  of  the  photographic  data  with  the  transmission  data 
for  a given  xin,  the  relative  transmission  was  estimated  very  crudely  from 
the  photographs  in  the  region  of  rapid  fall  off  of  the  transmission  with 
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decrea sing  pq/ps-  These  crude  estimates  were  found  to  agree  very  well  in 
all  cases  with  the  transmission  data,  giving  a check  on  the  consistency 
of  the  experimental  procedures. 

4.4.1  Data  at  High  Transmission  Conditions;  Accuracy  and  Reproducibility. 

Fig.  24  shows  1976  transmission  data  for  4 test  runs  with  x-  = .20  mm. 

l n 

As  mentioned  in  Section  4.3.1,  for  p /p  < 78,  the  data  is  suspect  because 
of  condensation  of  moisture  on  the  outsides  of  the  Venus  Machine  windows. 
However,  for  p /p  - 78,  the  data  is  valid.  These  runs  were  taken  to 

investigate  high  transmission  conditions  in  the  light  well,  and  to  check  the 
reproducibility  and  accuracy  of  the  experimental  methods.  The  reprodu- 
cibility indicated  by  Fig.  24  for  pq/ps  = 80  is  1 .010  in  the  value  of 
T;  i.e.,  T(pQ/ps  = 80)  = .990  t .010.  The  reproducibility  will  be  dis- 
cussed further  after  estimate  is  made  of  the  accuracy  of  the  transmission 
measurements.  Estimated  errors  in  the  determination  of  T are  given  below: 
Error  in  determining  the  transmission  of  the  reference 

prism  (see  Sec.  2)  i .002 

Error  in  reading  the  data  off  oscilloscope  pictures  i .001-. 002 
Errors  due  to  possible  interference  effects  in  the 

input  and  output  windows  (see  Sec.  2)  t .0025 

Error  due  to  inaccuracies  in  the  gains  of  the  recording 

oscilloscope  (not  measurable)  -0 


Total  estimated  error  in  or  accuracy  of  T values 


+ 


.0055-. 0065 
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The  maximum  transmission  value  shown  in  Fig.  24  is  1.0026;  the  obvious  mini- 
mum error  in  this  value  is  .0026,  well  within  the  estimated  error  limits  given 
above.  The  differences  among  the  4 curves  of  Fig.  24  indicate  that  the  re- 
producibility of  the  T data  is  considerably  larger  than  the  error  estimate. 

The  relatively  large  reproducibility  of  '1  .010  is  almost  certainly  due  to 
the  great  sensitivity  of  the  light  well  performance  to  the  exact  x and  z- 
positions  of  the  input  laser  beam.  It  has  been  repeatedly  observed  that 
movements  of  the  input  laser  beam  position,  particularly  in  the  z-direction, 
which  are  as  small  as  .050  mm  can  produce  substantial  changes  in  the  trans- 
mission. On  the  other  hand,  the  accuracy  in  setting  and  measuring  the  input 

beam  position  is  limited  to  ~t  .02  mm.  Hence,  a certain  amount  of  varia- 
bility in  the  measured  transmission  values  is  to  be  expected.  It  should 
be  noted  that  runs  1 and  4 in  Fig.  24  were  taken  with  xin  differing  by 
.054  mm.  Hence,  the  transmission  data  of  Fig.  24  should  be  regarded  as 
taken  at  4 slightly  different  operating  conditions.  However,  for  any  one 
of  these  test  runs,  the  transmission  values  have  the  estimated  accuracy 
given  previously. 

Considering  runs  2 and  4 in  Fig.  24,  the  maximum  measured  transmission 
is  1.000  t .0065  or,  more  conservatively,  1.000  t .010.  Since  the  trans- 
mission cannot  be  greater  than  unity,  this  last  figure  could  be  written 
as  T(max)  = .995  1 .005. 


V 
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The  data  of  1 976  is  confirmed  (for  p0/ps  >78)  by  the  1 977  data  of 

Fig.  14  for  x.  - . 20  mm.  The  1977  data  indicates  a transmission  of 
i n 

.991  at  pq/ps  = 95  rising  to  .997  at  pq/ps  = 80.  in  excellent  agreement 
with  runs  2 and  4 of  Fig.  24. 

5.  additional  remarks 

Many  of  the  foregoing  conclusions  reflect  points  of  detailed 
understanding  of  the  operation  of  the  Venus  Machine,  and  it  is  not  appro- 
priate to  attempt  to  summarize  them  in  this  section.  However,  several 
conclusions  judged  to  be  of  more  general  interest  are  given  below. 

(1)  The  operation  of  the  existing  90°  Venus  Machine  is  fairly  well 

understood,  although  there  are  still  points  on  which  further  work  needs 

to  be  done. 

(2)  The  Venus  Machine  can  operate  at  transmissions  greater  than 
.990,  and  possibly  very  close  to  unity  (Section  4.4.1). 

(3)  Certain  data  suggest  that  the  random  angular  scattering  in 

the  Venus  Machine  may  be  quite  low,  0.1  to  0.2  degrees  or  lower  (Section 

4.3.7). 

(4)  The  relatively  large  size  of  the  output  beam  of  the  Venus 
Machine  (typically  about  4 degrees  half  angle)  is  due  to  two  sets  of 
causes. 

(a)  Manufacturing  and  mounting  errors,  i.e.  misalignment  of 
the  two  nozzle  blocks,  rounding  of  the  corners  at  the 
nozzle  exit,  and  possibly  tool  marks. 

(b)  Even  if  the  errors  of  (a)  were  to  be  removed,  the  fol- 
lowing remains.  The  light  well  is  generally  of  an  in- 
ferior shape  to  direct  the  beam.  It  is  difficult  to 
avoid  r oscillations  of  significant  strength,  even  if 
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the  location  of  the  input  beam  is  very  carefully  selected. 
The  shape  of  the  light  well  downstream  from  the  nozzle 
exit  is  poor,  generally  tending  to  generate  strong  z oscil- 
lations of  the  beam. 

(5)  Points  2,3  and  4 above  indicate  that  potential  exists  for  the 
design  and  construction  of  90°  and  360°  Venus  Machines  of  much  higher 
performance  and  optical  quality. 


6. 


RECOMMENDATIONS  FOR  FUTURE 


LOW  POWER  RESEARCH  ON  THE  90°  VENUS  MACHINE 


(1)  The  poor  mechanical  quality  of  the  existing  Venus  Machine  limits 
the  amount  of  work  which  it  would  be  profitable  to  undertake  on  it.  How- 
ever, it  would  be  desirable  to  take  divergence  angle  photographs  at  pQ/r 

= 90,  x..  - .10  mm  (see  Fig.  22a).  Under  these  operating  conditions  light 

would  be  injected  at  the  very  bottom  of  the  light  well,  and  very  low  values 
of  $ and  might  be  obtained,  which  would  provide  some  degree  of  confirma- 
tion of  the  data  which  suggest  that  the  random  angular  scattering  of  the 
Venus  Machine  is  very  low  (Section  4.3.7).  Even  if  the  $r  and  <•  values 
are  not  much  lower  than  those  presented  in  this  report,  the  random  scatter- 
ing of  the  Venus  Machine  is  not  proven  necessarily  to  be  high;  the  manufac- 
turing errors  in  the  Venus  Machine  may  be  responsible  for  raising  and 
well  above  the  random  scattering  level. 

(2)  The  simplest  recommended  modification  of  the  Venus  Machine  would 
be  as  follows.  The  nozzle  blocks  would  be  removed  and  refinished  to  remove, 
as  much  as  possible,  rounding  of  the  corners  at  the  nozzle  exit.  The  nozzle 
blocks  would  then  be  remounted,  with  careful  attention  to  alignment,  somewhat 
closer  together.  The  nozzle  exit  gap  would  be  set  at  approximately  0.30  mm 


A 


-51- 


instead  of  the  former  0.40  mm.  In  operation  with  these  nozzle  changes, 
the  light  well  will  look  roughly  as  sketched  in  Fig.  25a  for  pq/ps  = 90. 
The  nr  versus  r profile  along  the  centerline  is  also  roughly  sketched 
in  Fig.  25a.  It  is  noted  that  light,  on  injection  into  the  well  (at  a 
low  level),  can  oscillate  with  a moderate  amplitude  in  the  r direction 
without  encountering  the  curved  nr  contours  downstream  from  the  nozzle 
exit  which  tend  to  generate  z oscillations.  Under  this  type  of  operat- 
ing conditions  the  beam  leaving  the  Venus  Machine  may  well  have  very 
low  <j>  values  although  $ would  not  be  exceptionally  small.  If  this 
was,  in  fact,  observed,  the  postulated  low  random  scattering  angle  of 
the  Venus  Machine  would  tend  to  be  confirmed. 

(3)  It  is  recommended  that  the  channel  for  the  flow  approaching 
the  light  well  region  of  the  Venus  Machine  be  modified  to  reduce  the 
amount  of  turbulence  which  will  be  convected  to  the  light  well.  The 
designs  for  these  modifications  have  been  made  and  some  of  the  parts 
have  been  constructed.  The  remaining  parts  should  be  constructed  and 
the  improved  flow  channel  components  installed. 

(4)  Depending  on  the  results  obtained  from  (1)  and  (2)  above,  it 
may  be  desirable  to  test  the  set  of  nozzle  blocks  of  the  shape  sketched 
roughly  in  Fig.  25b.  The  changes  in  slope  of  the  nozzle  walls  indicated 
in  the  sketch  can  readily  be  shown  to  modify  the  light  well  shape  and 
the  centerline  nr  - r curve  as  shown  (for  pq/ps  = 90).  The  bottom  of 
the  light  well  and  the  nr  - r curve  are  flattened.  If  the  input  laser 
beam  is  injected  as  indicated,  oscillations  in  both  the  r and  z directions 
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should  be  very  small,  and  it  would  appear  possible,  depending  on  the  ran- 
dom scattering  angle  of  the  Venus  Machine,  to  achieve  a very  low  output 
beam  angle  in  both  the  r and  z directions.  It  is  probably  advisable,  on 
account  of  the  greater  manufacturing  difficulty  for  these  nozzle  blocks, 
to  perform  the  experiments  indicated  in  (1)  and  (2)  first. 

(5)  The  types  of  light  wells  shown  in  Fig.  25a  and  25b  and  those 
discussed  in  the  body  of  this  report  suffer  from  the  following  two  disad- 
vantages . 

(a)  The  light  well  makes  use  of  boundary  layers  for  stabilization 
in  the  z-direction;  this  can  introduce  unnecessary  scattering 
into  the  light  ray  paths  due  to  density  perturbations  in  the 
boundary  layer. 

(b)  The  optical  quality  of  the  light  well  as  compared  to  a glass 
index  gradient  fiber  optic  is  very  poor  since  the  nr  profiles 
across  the  liyht  well  in  the  r and  z directions  are  far  from 
being  parabolas  equal  to  each  other.  This  latter,  stated  in 
a simplified  way,  is  the  requirement  for  an  imaging  quality 
light  guide. 

If  the  work  suggested  in  (1)  to  (4)  gives  good  results,  it  is  recommended 
that  the  nozzles  blocks  similar  to  those  sketched  roughly  in  Fig.  25c  be  con- 
structed. The  nr  contours  sketched  in  Fig.  25c  were  taken  from  Reference  5 . 
It  is  noted  that  this  light  well  does  not  depend  on  the  boundary  layers  for 
stabilization  in  the  z direction.  This  light  well,  while  having  an  nr  sur- 
face much  closer  in  shape  to  the  paraboloid  of  revolution  of  an  ideal  index 
gradient  glass  fiber  than  the  light  wells  stabilized  in  the  z direction  by 
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the  boundary  layer,  still  has  substantial  assymmetry.  It  is  therefore 
also  recommended  that  small  modifications  of  the  nozzle  wall  shapes  of 
Fig.  25c  be  made  (on  paper)  and  the  nr  versus  r and  z contours  be  cal- 
culated by  computer.  The  investigators  believe  that  an  nr  surface  much 
closer  to  the  ideal  paraboloid  of  revolution  could  be  achieved.  The 
nozzle  profile  yielding  this  best  nr  surface  should  be  then  built  and 
tested.  For  a perfect  paraboloidal  light  well  with  nr  versus  r (or  z) 
gradients  similar  to  those  shown  in  Fig.  25c,  for  A = .633  nm,  the  size 
of  the  TEMqq  mode  is  - 0.08  mm,  indicating  that  the  input  laser  beam 
could  be  well  coupled  to  the  input  well  in  the  available  space.  The 
coupling  could  probably  be  made  fairly  satisfactorily  with  the  real  light 
well,  which  would  not  be  perfectly  symmetrical. 

7.  HIGH  POWER  EXPERIMENTS  ON  THE  90°  VENUS  MACHINE 

The  experiments  described  up  to  this  point  were  done  using  a 1 mW 

He-Ne  laser  as  the  light  source.  When  focused  down  at  the  input  window 

2 

of  the  Venus  Machine,  this  laser  provides  a power  density  of  -10  w/cm  . 

To  investigate  the  high  power  transmission  characteristics  of  the  Venus 
Machine,  the  ruby  laser  shown  in  Fig.  26  was  constructed.  This  laser 
produces  a .015  J.  pulse  of  40  ns  duration.  The  beam  can  readily  be 
focused  down  to  -125 u.  suitable  for  injection  into  the  Venus  Machine. 
Using  the  ruby  laser,  the  transmission  of  the  Venus  Machine  at  power  den- 
sities  up  to  10  w/cm  will  be  investigated.  The  experimental  set  up  is 
shown  in  Fig.  27.  The  set  up  is  very  similar  to  those  shown  in  Fig.  1 and 
used  for  low  power  measurements . The  attenuators  shown  allow  the  trans- 
mission of  the  Venus  Machine  to  be  investigated  at  power  densities  of  10^ 
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9 2 

to  10  w/cm  . The  light  is  detected  by  silicon  photocells  which  act  as 
passive  integrators  of  the  energy  of  the  laser  pulse.  Preliminary  tests 
have  shown  the  cells  to  be  linear  to  within  t 1».  The  operation  of  the 
apparatus  will  be  as  follows.  Several  shots  will  be  taken  using  the  cali- 
brated reference  prism  to  deflect  the  light.  This  establishes  the  ratio 
between  the  output  pulses  of  the  photodetectors  1 and  2 which  corresponds 
to  the  known  prism  transmission.  One  or  more  shots  will  then  be  taken  at 
the  desired  Venus  Machine  operating  condition.  From  the  ratio  of  the  out- 
put pulses  of  the  two  photodetectors,  the  Venus  Machine  transmission  can 
readily  be  calculated. 

Unfortunately,  several  problems  were  experienced  in  building  and  test- 
ing out  the  detection  system.  Initially,  very  fast  PIN  photodiodes  were 
used  as  the  detectors,  since  they  would  have  permitted  one  to  follow  the 
actual  nanosecond  laser  pulse.  After  several  months'  work,  however,  it 
was  concluded  that  the  electronics  associated  with  the  photodiodes  was  not 
capable  of  yielding  the  desired  accuracy  of  ± 1%.  Silicon  photocells  act- 
ing as  passive  integrators  were  then  substituted  for  the  PIN  photodiodes. 
Also,  stray  ruby  light,  such  as  reflections  off  the  ceiling,  was  reaching 
photodetectors  1 and  2 as  they  were  originally  mounted,  preventing  consis- 
tent results  from  being  obtained.  By  mounting  the  photodetectors  inside 
light-tight  boxes,  this  problem  was  eliminated.  These  problems  and  others 
have  delayed  the  high  power  measurements  considerably.  We  believe  that  the 
high  power  measurements  will  be  started  soon. 
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8.  THE  ELECTRICAL  DISCHARGE 

8.1  Aerodynamics  of  E-beam  Sustained  Discharges  in  Supersonic  Flow 

The  electric  glow  discharge  in  supersonic  flow  presents  a fascinating 
array  of  complex  aerodynamic  problems.  At  present  the  most  important  use 
of  this  discharge  system  is  the  case  of  high  power  CW  electric  lasers,  of 
which  the  CO  system  promises  to  be  the  most  efficient.  In  this  case,  a 
transverse  electrical  discharge  excites  a large  volume  of  gas  in  the  super- 
sonic section,  and  a population  inversion  builds  up  in  the  direction  of 
flow  until  lasing  can  take  place.  As  laser  radiation  is  extracted,  the 
vibrational  population  is  reduced,  and  the  waste  gas  may  be  discharged 
through  a suitable  diffuser  to  the  atmosphere. 

The  electrical  discharge  laser  has  basic  flow  problems  that  are  very 
different  from  those  associated  with  gas-dynamic  lasers.  Firstly,  super- 
saturated mixtures  and  condensation  may  be  a problem  if  cryogenic  tempera- 
tures are  used.  At  these  low  temperatures,  too,  any  heat  addition  to  the 
flowing  gas  stream  creates  large  relative  changes  in  temperature,  affecting 
the  performance  of  the  laser.  In  addition,  there  are  large  losses  in  total 
pressure  of  the  system  that  may  affect  the  ability  to  complete  diffuse  the 
flow  to  the  atmosphere.  Then  too,  the  electric  power  density  loading  of  a 
high  power  laser  discharge  is  limited  by  many  physical  problems,  not  the 
least  of  which  may  be  a plasma  instability.  In  the  case  of  supersonic  flows, 
the  discharge  problem  may  manifest  itself  earlier  in  a number  of  complex 
ways  and  be  brought  on  by  the  flow  features  themselves.  High  power  loading, 
which  is  desirable  for  high  efficiency  operation,  can  lead  to  a glow  to  arc 
transition,  completely  stopping  the  laser  operation.  The  fundamental  basis 
for  possible  deleterious  interaction  of  the  flow  and  discharge  is  the  objec- 
tive of  this  research. 
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8.2  The  Supersonic  Flow  Facility  and  Discharge  Apparatus 

The  flow  facility  that  can  stimulate  in  a satisfactory  way  the  dis- 
charge characteristics  of  large  scale  laser  discharge  facilities  was  re- 
cently completed. 

Basically,  in  this  setup,  the  flow  and  discharge  characteristics  of 
a large  scale  electric  laser  can  be  tested,  using  a combination  of  long 
duration  plus  flow  and  electric  discharges.  Figure  28  is  a drawing  of 
the  facility  showing  some  of  the  important  elements.  A 6"  diameter  Lud- 
wieg  tube  provides  the  flow  of  gas  required  for  the  discharge.  It  is 
capable  of  storing  gas  at  up  to  300  psia.  The  gas  is  expanded  through 
a conventional  2-D  nozzle  system  which  at  present  gives  rise  to  a flow 
cross  section  of  4 cm  x 20  cm.  A M = 3.5  nozzle  can  be  seen  in  Figure  28. 
After  completion  of  the  facility  the  flow  duration  and  quality  were  examined, 
using  pressure  gauges  and  double  pulse  laser  holographic  interferometry. 
Figure  29  shows  a typical  pressure  history  for  the  test  section  on  a time 
scale  of  1 msec/dm.  After  an  initial  transient  of  2 msec  duration  the 
pressure  becomes  nearly  constant  giving  a testing  time  in  excess  of  8 msec. 
The  Mach  number  of  the  flow  was  measured  in  Ar-N,  mixtures  and  found  to  be 
M = 3.2  1 3"  in  agreement  with  calculations.  Figure  3D  shows  a typical 
laser  holographic  interference  photograph  from  which  this  was  measured. 

The  discharge  is  located  in  the  supersonic  channel  and  is  stabilized 
by  an  e-beam.  This  e-beam  is  produced  by  a plasma  diode  6"  in  diameter  and 
capable  of  being  operated  at  up  to  150  kV . The  system  has  operated  at 
voltages  as  high  as  135  k V in  tests.  The  duration  of  the  discharge  and 
e-beam  current  can  be  easily  controlled.  Time  duration  from  10  usee  to 
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mapy  times  the  transit  time  of  a particle  through  the  discharge  can  be 
obtained.  The  apparatus  can  supply  e-beam  current  with  a duration  in 
excess  of  six  times  this  transit  time  scale  (transit  time  order  of  50 
nsec)  with  a corresponding  voltage  drop  of  no  more  than  10^  on  the  diode. 

At  lower  current  densities  longer  time  scales  are  possible,  perhaps 
considerably  in  excess  of  1 msec.  A typical  e-beam  current  and  voltage 
trace  is  given  in  Figure  31.  Both  the  input  current  to  the  diode 
and  e-beam  output  are  shown.  As  can  be  seen,  the  output  is  only  a frac- 
tion of  the  input  current,  typical  of  plasma  diodes.  Nevertheless,  cur- 

2 2 

rent  densities  from  1 ma/cm  to  30  ma/cm  have  been  measured  from  the  di- 
ode without  foil  failure.  These  current  densities  are  somewhat  higher 
than  contemplated  CW  of  high  repetition  rate  systems.  Higher  electron 
densities  and  therefore  higher  sustainer  current  are  available  to  pump 
the  system  more  rapidly.  The  gas  energy  content  will  be  scaled  properly, 
of  course,  allowing  a shorter  discharge  in  the  flow  direction  and  more 
two-dimensionality  in  the  flow.  Furthermore,  the  higher  current  densities 
of  the  plasma  diode,  in  comparison  to  the  thermionic  gun,  alleviate  much 
of  the  problem  of  dissociative  attachment  caused  by  low  concentration  (ppm) 
impurities  that  plague  so  many  of  the  low  current  devices. 

A high  energy  capacitor  bank  was  built  for  the  sustainer.  Sustainer 
currents  in  excess  of  400  amp.  are  possible  for  the  testing  time  with  a 
minimal  (10  ) voltage  drop.  The  characteristics  of  the  e-beam  sustainer 
system  are  shown  in  Figure  32.  Delay  circuits  make  it  possible  to  inde- 
pendently turn  on  and  off  both  e-beam  and  sustainer  currents.  In  this  way 
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testing  tines  for  the  most  uniform  conditions  may  be  chosen.  At  the 
highest  e-beam  current  levels,  power  densities  in  the  discharge  are 
in  cess  of  107  w/1 iter-amagat. 

Early  interferograms  showed  severe  heating  of  the  gas  near  the 
electrode  edges.  This  is  a result  of  high  field  strength  at  the  edges 
of  the  finite  electrodes  and  the  concentration  of  current  there  as  well. 

Clearly  observed  cathode  fall  heating  and  the  cathode  shock  wave  may  be 
seen  in  Figure  33.  It  is  believed  that  this  information  can  be  directly 
used  to  help  evaluate  phenomenon  in  the  flowing  case. 

Preliminary  measurements  have  also  shown  some  of  the  effects  of  dis- 
charge heating  in  supersonic  flow.  Figure  34  shows  the  effect  of  cathode 
fall  resulting  in  a thickening  of  the  boundary  layer  and  standing  oblique 
wave  emanating  from  the  leading  edge  of  the  cathode. 
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Figure  1 

Exper inental  setup  for  bean  transmission  measurements  in  the  90  Venus  Machine. 
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Figure  3 


Typical  data  pictures  for  transmission  measurement  on  the  90 
Venus  Machine. 
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Figure  5 


Typical  light  well  shape  and  output  beam  divergence  angle  photographs 
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Figure  7. 

Calculated  shape  of  light  well,  variation  of  nr  with  r along  light  well 

centerline  and  variation  of  n r with  r along  walls  (wall  calculation). 
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Figure  8. 

Light  well  shapes  calculated  in  Ref.  7 using  ray  tracing  methods. 
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Figure  10. 

Parameters  used  to  describe  the  photographed  shapes 
of  the  Venus  Machine. 
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Figure  27. 

F.xper irental  setup  for  High  power  transmission  measurements 
on  the  90  Venus  Machine. 
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'reasonably  complete  understanding  of  the  operation  of  the  present  90  degree 
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Fig.  33  Interferogram  of  Cathode  Shock 

Vuby  = ^5  a^ter  sustainer  pulse 

Ap/p  = 6%  per  fringe 


Fig.  34  Interferogram  of  Flow  Process 
with  Discharge  on. 


